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The potency assay serves as a hub where academic biological insights inter-
twine with industrial processing knowledge, and the chapters of this book 
pivot on this busy juncture. Experienced contributors from academia, clinical 
research centres and industry provide detailed reflections on the topic and are 
thanked enormously for having done so despite the extraordinary challenges 
presented by the Covid-19 pandemic.

The editor’s first chapter draws from the history of the early phases of vac-
cine discovery and current implementation, to highlight the sometimes- 
similar convoluted aspects found in the art of stem cell therapy. Risk-based 
therapy progressed to ethically sound effective intervention with the discov-
ery of the mechanisms of action. Potency assays underscore this principle and 
form a vital part of the medical revolution being presented by new advanced 
therapy medicinal products.

The industrial sector has played a large part in driving pragmatic progress 
to overcome cell-based therapy obstacles. Whilst head of research and devel-
opment at Innovacell AG, Marco Thurner and his team, including Raffaela 
Torggler, Eva Margreiter and Rainer Marksteiner, co-contributors of Chap. 2, 
investigated potency assay development for clinical use. Marco led develop-
ment of a potency assay for human skeletal muscle-derived cells during clini-
cal phase drug development and as a prerequisite to market approval 
application (MAA). Measurement of the activity of acetylcholinesterase 
(AChE), expressed throughout skeletal and nervous tissue, was successfully 
elaborated as a potential potency assay for human skeletal muscle-derived 
cells (aSMDC) that are used to treat patients with fecal incontinence.

The research team of Joaquim Vives at the largest research teaching hospi-
tal in Catalonia explores application of human multipotent stromal cells 
(hMSC) and the optimisation of potency assays to assess the immunomodula-
tive potential of clinical-grade hMSC. Co-authored with Sílvia Torrents and 
Marta Grau-Vorster, Chap. 3 provides an overview to the many diverse and 
challenging aspects facing potency assay development for advanced therapy 
medicinal products (ATMP). The team has also studied the stability of multi-
potent stromal cell-based products and excipients that could play a key role 
extending the shelf-life of the critical quality attributes (CQA) of the final 
product. Broad clinical experience has included cell-banking strategies for 
the production of clinical grade mesenchymal stromal cells from different 
tissues. Notable examples of potency assays from approved therapies are 
overviewed in Chap. 9.
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Moustapha Kassem a scientist, physician and endocrinologist based at the 
University Hospital of Odense, Denmark, has spearheaded the development 
of fully differentiating immortalised cell strains of human bone marrow- 
derived multipotent stromal cells (hBM-MSC), ideal for obtaining data con-
cerning microarray gene expression  analysis, microRNA regulation and 
proteomic phenotypes for identifying molecular signaling pathways directly 
associated with osteogenic differentiation. Chapter 4 describes extensive 
characterisation of the osteogenic biomarkers of human bone marrow-derived 
multipotent stromal cells (hBM-MSC) and their relevance for potency assays.

The unmet clinical need of cartilage regeneration for joint damage and 
osteoarthritis has also been an area of intense research. Consistent with a 
growing appreciation that cell-secreted factors can be of therapeutic benefit, 
Lucienne A. Vonk’s research team at the University Medical Center Utrecht 
in the Netherlands demonstrated that extracellular vesicles derived from 
hBM-MSC can promote cartilage regeneration in vitro. Chapter 5 provides 
insights into establishing potency assays that not only function with whole 
cells, but also acellular products derived from the cells.

Raghavan Chinnadurai at the Mercer University School of Medicine, 
USA, has explored multiparametric analysis of hBM-MSC for the purposes 
of characterising their potency to modulate the immune system. Secretome 
analysis has been compared with quantitative RNA-based gene array analysis 
targeting immunomodulatory and homing properties of MSC. In Chap. 6, he 
describes advanced technologies for potency assay measurement, discussing 
how diverse complementary approaches can enhance prospects for establish-
ing specific potency biomarkers.

Developing Lab-on-chip devices for biomedical diagnostics, Despina 
Moschou at the University of Bath applies microfabrication and microelec-
tronics with a view to meet the ASSURED criteria; Affordable, Sensitive, 
Specific, User friendly, Rapid analysis, Equipment-free and Delivered at 
point of care. As described with Sotirios Papamatthaiou in Chap. 7, adoption 
of a printed circuit board (PCB) platform would achieve these aims and be 
readily scalable for existing industrial platforms. Adapting the Lab-on-PCB 
approach to take advantage of alternative technologies would be particularly 
advantageous for high performance, efficient, cost-effective potency assays.

In Chap. 8, Claire Roddie, Associate Professor in Hematology at University 
College London (UCL) and consultant Hematologists at UCL Hospital, 
together with Juliana Dias and Amaia Cadiñanos-Garai,  describes potency 
assays for one of the most significant novel approaches to cell-mediated ther-
apy, the use of chimeric antigen receptor T cells (CAR-T) that are genetically 
engineered to produce a tailored T-cell receptor for use in immunotherapy. 
Their pursuit of adoptive cell therapies involves pre-clinical development of 
novel CAR-T projects where the development of potency assays can be par-
ticularly challenging given the complexity of the therapeutic modality.

Juli Mansnérus, Postdoctoral Researcher at the Faculty of Law, University 
of Helsinki, has published extensively on ATMP and ethical challenges of 
personalized medicine. Both Juli and co-author Waltter Roslin have partaken 
in the DECIDER project, exploring diagnostic tools and treatments for ovar-
ian cancer using AI methods. This project has received funding from the 
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European Union’s Horizon 2020 research and innovation programme under 
grant agreement No 965193 for DECIDER. Chapter 10 provides an impor-
tant legal perspective on the integrity of potency assays as a basis safe clinical 
intervention, with appreciation of the manner, whereby ATMP regulations 
were set up as a lex specialis introducing particular provisions to the existing 
pharmaceutical legislation with respect to authorisation, supervision and 
pharmacovigilance of ATMP to ensure they are safe and effective.

It is significant that ATMPs are usually developed by academia or within 
hospitals and involve small medium enterprise (SME) companies rather than 
big pharmaceutical companies that predominantly develop conventional 
medicines. However, the whole cell therapy sector, like potency assays, is in 
continuous evolution, and in the final Chap. 11, an Editorial forward-looking 
perspective is presented, regarding many innovative technological develop-
ments, institutional roles and guidance contributing to potency assay devel-
opment in the future. A renewed focus on potency assays will help establish 
capabilities and standards for scientifically sound reportable data to correlate 
product-specific biological activity with therapeutic activity and streamline 
the strategic development of advanced medicines with more cost-effective 
success.

Ferrara, Italy Jorge S. Burns
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1The Art of Stem Cell-Based 
Therapy

Jorge S. Burns

1.1  The Dawn of a New Era

Centuries before Robert Hooke’s description of 
cells as observation XVIII in Micrographia, 
1655, the importance of experiment had already 
been highlighted in one of the most important 
poems of the Middle Ages. Just as Dante’s use of 
a Florentine vernacular and around 90 neolo-
gisms marked a radical shift from writing poetry 
in Latin, so too cellular therapy has represented a 
paradigm shift in medicine whereby advanced 
therapy medicinal products (ATMP) can revolu-
tionise the medical treatment of numerous trau-
matic pathologies of unmet medical need, 
literally making La Vita Nuova, the new life.

However, potency assays achieve far more 
than freedom from one’s cavil or petty objec-
tions, they represent crucial experiments at the 
hub of the comprehensive complexity surround-
ing cell therapy [23]. Moreover, numerous fac-
tors beyond biological and scientific 
considerations underly the increasing signifi-
cance and importance that potency assays cur-
rently accrue. Many of the issues surrounding 

Potency assays today have been encountered in 
historical situations where medicine progressed 
in the face of risk, when therapeutic approaches 
were adopted without there necessarily being a 
full understanding of the mechanisms responsi-
ble for a beneficial effect. A brief account of the 
ancient therapeutic procedure of variolation can 
highlight the many facets involved in the devel-
opment and establishment of new therapeutic 
approaches and the emerging critical role of 
potency assays.

1.2  Lessons from a Past Disease

The word variola was introduced as a term for 
Smallpox by Bishop Marious of Avenches in AD 
570, derived from the Latin word varius meaning 
‘stained’ or from varus, denoting ‘mark on the 
skin’. Small pockes was terminology used in 
England at the end of the fifteenth century (pocke 
meaning sack) and would distinguish the devas-
tating disease from syphilis, then referred to as 
the great pockes. As early as 430 BCE it had been 
appreciated that Smallpox survivors were pro-
tected from a recurrence of the disease and could 
nurse the afflicted. The origins of the most suc-
cessful approach to combat Smallpox, termed 
inoculation (from Latin inoculare, ‘to graft’) 

Yet an experiment, were you to try it, could free you from your cavil–and the source of 
your arts’ course springs from experiment.

Dante Alighieri, The Divine Comedy, Paradiso, Canto II, lines 94-96, c. 1304-1321. 
English translation by Allen Mandelbaum.
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Fig. 1.1 Variolation for smallpox originated in the Far East and later spread to Europe and Africa. This Japanese 
memorial relief by Fumio Saita in front of the Asakura Ishikai Hospital depicts a patient receiving a smallpox variola-
tion in 1790 from the physician Ogata Shunsaku (1748–1810). His inspiration came from reading the 60th volume of 
the ‘Imperially Commissioned Golden Mirror of the Orthodox Lineage of Medicine’ a compilation of medical writings 
of the Han dynasty (202 BCE–220 CE) published in China in 1742. Ogata went on to publish the booklet Shutō hitsujun 
ben (種痘必順弁), pox essentials, describing how variolation ensured gentle smallpox in 1793. Original photograph by 
Wolfgang Michel-Zaitsu ‘Between East and West-Variolation in Early Modern Japan’: Proceedings of the International 
Symposium on the History of Indigenous Knowledge (ISHIK 2022), Kaifeng, China

were ancient, practiced in Africa, India, China 
and Japan long before its introduction to Europe 
in the eighteenth century (Fig.  1.1). Perhaps as 
early as the tenth century CE, the Chinese knew 
that by opening pustules of a Smallpox patient 
and drying the matter with a little cotton subse-
quently transferred to a recipient’s nostrils, it was 
possible to transmit a relatively mild form of the 
disease that was prophylactically protective, 
helping avoid death in an epidemic. By the fif-
teenth century, the documented methods, in 
effect, a form of cell-based therapy, indicated 
careful ritualisation; ‘nasal insufflation’ involved 
use of silver blowpipes, right nostril for boys, left 
for girls. Those with relatively mild Smallpox 
symptoms, (possibly because they were infected 
with variola minor as opposed to variola major), 
were favoured donors of the scabs that were then 
left to dry for some time and ground to a powder 
or exposed to hot steam and various herbs or a 
grain of musk. Although unknown at the time, it 

is now appreciated that such procedures would 
damage virus particles, helping attenuate the 
infectious dose that was riskily being adminis-
tered via the same route as natural Smallpox 
infections. In contrast to the Asian and African 
inhaled variolation procedures, Europeans and 
Americans inoculated via a puncture to the skin, 
a route avoiding a potential swift spread of the 
disease in the lungs, promoting a slower viral 
progress that would favour a more effective 
immune system defense. The geographical East- 
West discrepancy in inoculation routes largely 
reflects the pivotal role played by Lady Mary 
Wortley Montague, born to an aristocratic family 
in 1689, in bringing the procedure of variolation 
to the West from Turkey [18]. Her motivation was 
high; in 1713, her only and younger brother died 
of Smallpox aged just 20. Two years later she 
contracted the disease herself and against expec-
tation survived, although she was left badly 
scarred. When her husband was appointed British 
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Ambassador to Turkey, she unconventionally 
accompanied him there, possibly primed by her 
attending physicians, Fellows of the Royal 
Society who likely knew of the folk practice of 
inoculation in distant Turkey, where Smallpox 
had already devastated the country during the 
Ottoman era. In Constantinople, Lady Montagu 
promptly approached professional inoculators, at 
that time predominantly women. Just 2  weeks 
after her arrival she already wrote to her father, a 
close friend and at least one of her former attend-
ing physicians, recounting the essential point that 
Smallpox inoculation could confer a mild protec-
tive form of the disease and avoid fatalities. She 
wrote ‘I am going to tell you a thing that would 
wish yourself here’ … indicative of an enthusi-
asm that would prove highly influential. Her hus-
band’s premature recall back home hastened an 
opportune Smallpox inoculation of her 5-year- 
old son before leaving Constantinople. 
Overseeing the elderly Greek woman who per-
formed the inoculation, was Charles Maitland, a 
Scottish surgeon appointed to the Embassy. This 
would prove prudent, Smallpox outbreaks were 
becoming frequent in England and just 3  years 
later, a 1721 epidemic in Boston and London 
spurred Lady Montagu to also have her 4-year- 
old daughter receive inoculation. This was per-
formed by an apprehensive, but persuaded and 
experienced Charles Maitland, who invited three 
members of the Royal College of Physicians as 
witnesses. Such was Lady Montagu’s aristocratic 
influence that Princess Caroline wished to have 
her children inoculated. Concerns for unqualified 
practices were high, so 6 convicted prisoners and 
11 orphans were first variolated in an experiment 
to deem the procedure safe before inoculating 
royal children. Maitland subsequently published 
a 40-page book ‘Account of inoculating the 
Smallpox’ and the procedure became fashion-
able. Thomas Nettleton, a physician inoculator, 
reported in 1722 that there were about one in five 
deaths among Smallpox patients within parts of 
Yorkshire and the surrounding area, yet there 
were no deaths in 61 people he had inoculated. 
From 897 inoculations performed in 1729 there 
were only 17 deaths. These results indicated vari-

olation was helpful at stemming mortality when 
contracting natural Smallpox, but the procedure 
was not completely innocuous, indeed variolated 
patients risked spreading Smallpox to others as 
well as death. There was criticism and concern 
for the procedure in Parliament, yet over the fol-
lowing years variolation grew in popularity until 
an improved, safer alternative was made avail-
able. Edward Jenner, tutored by the renowned 
surgeon and experimental scientist John Hunter 
and fellow of the Royal Society, chose to practice 
medicine in Berkeley. There he became familiar 
with countryside lore that dairy-maids were pro-
tected from Smallpox after having suffered from 
cowpox, a far less-aggressive disease. Numerous 
observations and experiments as a country physi-
cian, eventually led to the invention of cowpox 
vaccination against Smallpox. Jenner’s observa-
tions were not immediately accepted by the 
Royal Society, but he persisted with private pub-
lications providing details of how to distinguish 
Cow Pox lesions from other similar pustular 
lesions of other (unknown) cause [49]. Inoculation 
was initially accompanied by a highly individual-
ised preparation of diet and therapy, yet by the 
late 1760s all inoculated patients followed a simi-
lar preparative regimen. Vaccines, although pre-
dominantly sourced via Jenner and his colleagues, 
would diversify, becoming mixed with other iso-
lates since there was no ability to characterise 
viruses as the molecular genetic level. Eventually, 
the vaccine used in the US as part of a worldwide 
Smallpox eradication programme, declared suc-
cessful in 1980, was called Vaccinia and was 
manufactured from infected calf skin in the US 
by the company Wyeth [59]. Of note, subsequent 
analysis of the Wyeth vaccine has suggested it 
may have been predominantly derived from vac-
cinia virus strains distinct from the Cow Pox 
strains discovered by Jenner [71]. What trans-
pired over the dramatic course of Smallpox his-
tory was not only the evolution of a highly 
individualised therapy to a more successful stan-
dardised technique, but also the emergence of 
new institutions that replaced an old physician- 
orientated individualised monopoly, in favour of 
a new generation of medical practitioners.

1 The Art of Stem Cell-Based Therapy
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1.3  Potency Assays for Modern 
Disease Intervention

Notable aspects in Smallpox vaccine history 
included the urgent need to treat a devastating 
health condition, influential key individuals 
championing the introduction of new therapeutic 
approaches, careful insights from repeated exper-
imentation and widespread treatment during the 
latter phases of therapeutic development facili-
tated by a better understanding of the underlying 
molecular biology. Medical intervention unfolded 
over centuries to improve safety and efficacy, up 
to the point of eradicating the disease from the 
global population by 1980 [82]. The importance 
of Chemistry, Manufacturing and Control 
(CMC), plus need for accelerated quantitative 
testing of the Critical Quality Attributes (CQA) 
of a vaccine product were dramatically high-
lighted during the COVID-19 pandemic [2]. With 
unprecedented speed, hundreds of laboratories 
worldwide generated SARS-CoV-2 virus- specific 
vaccines. Beyond established platforms of live 
attenuated virus (LAV), inactivated virus, recom-
binant proteins and protein-based virus-like par-
ticles (VLPs), a new technological era of 
market-approved mRNA vaccines was intro-
duced [19]. With rapid innovation, some latest 
mRNA vaccine designs already differ from van-
guard versions by introducing a self-amplifying 
capacity that allows for smaller doses, with a 
freeze-drying preparation process that avoids the 
need for refrigeration pertaining to liquid mRNA 
vaccines [14]. Following Emergency Use 
Authorisation (EUA), the new mRNA-based vac-
cine platforms have proved to be very successful. 
Product specific tests have included in vitro bio-
analytical batch release and characterisation 
assays for the antigen and lipid nanoparticle 
component encapsulating the mRNA protecting 
it from RNAses. There remains a rare risk that 
individuals may experience hypersensitivity and 
even anaphylactic reactions to components of the 
vaccine drug product, including adjuvants and 
stabilisers or cryo-protectants. It has been pro-
posed that specifically designed potency assays 
may draw on experience gained in nanomaterial 
research to ensure such components do not inter-

fere with potency [74], certainly it is demanding 
to develop tests for potency of vaccines produced 
by new technologies [64]. Much is being learned 
whilst innovative therapy is underway, informa-
tion that can feed into knowledge-based potency 
assays regarding the mechanism of action of the 
vaccine to correlate with a clinically relevant 
immune response. Of necessity, the evolution of 
SARS-CoV-2 potency assays has to be appreci-
ated as a work in progress with technology that 
accelerates non-clinical immunoassays providing 
a complementary route to establish functionally 
meaningful potency assays. World Health 
Organisation (WHO) endorsement of interna-
tional antibody reference standards for use in 
immunological assays can enable better compari-
son of data generated across vaccine trials [35].

1.4  From Viral Vaccination 
to Safe Therapy with Cells

Clearly, a long complex history surrounds the 
apparently ‘straightforward’ situation of a defined 
virus target and an established vaccination- based 
therapeutic strategy. An enormous evolution in 
vaccine development has yielded remarkable 
accomplishments in the response to the COVID-
19 pandemic [63]. Fundamentally, early dubious 
practices of variolation were promptly replaced 
by the safer treatment by vaccination and now 
advanced technologies of analysis and measure-
ment have enabled far more rigorous and infor-
mative science, providing therapy for novel viral 
targets. Certainly, in the case of viral vaccination, 
an understanding of key molecular mechanisms, 
has been vital for defining key targets and viral 
vulnerabilities with notable success [42, 54]. 
Assays are continuously being developed to 
maintain integral Chemistry Manufacturing and 
Control (CMC) with quantitative testing of the 
critical quality attributes (CQA) of a vaccine 
product [65].

Many of the above principles remain relevant 
for the alternative field of stem cell-based therapy 
[85]. However, much more complexity governs 
the factors to be considered when contemplating 
a potency assay for advanced therapy medicinal 
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products (ATMP) encompassing gene therapies, 
somatic cell therapies and tissue engineered 
products. Drawing similarity to the history of 
vaccination, early studies have offered numerous 
reports of beneficial effects of applied ‘stem’ 
cells, but there remain major hurdles with regard 
to an ability to control and measure the therapeu-
tic procedures involved, to help confirm the 
results. The potency assay serves as a challenging 
yet vital means of improving stem cell-based 
therapy. When rigorously upheld, it serves as one 
of the most effective means of avoiding indis-
criminate unproven treatments, ensuring ATMPs, 
in particular those involving the use of stem cells, 
can be introduced safely and efficiently. 
Regulatory authorities in both Europe and the 
USA [28] prioritise potency assays as integral 
components of manufacturing processes with 
good reason, ultimately they serve to accelerate 
patient access to more trustworthy innovative 
therapies [22]. An increasing degree of oversight 
and enforcement has become necessary to protect 
people from misinformation and unscrupulous 
profiteering stem cell clinics [1, 7, 39, 69, 75]. 
The European Medical Agency (EMA), the USA 
Food and Drug Administration (FDA), the 
Japanese Pharmaceutical and Medical Devices 
Agency (PMDA) and Korean Ministry of Food 
and Drug Safety (MFDS) among others, provide 
guidelines on conditions for which stem cell- 
based therapies are approved [32], concurring 
that well-designed clinical trials are necessary to 
ensure an acceptable quality of therapy [41]. An 
important role is also being played by major 
science- based research organisations, particu-
larly the International Society for Stem Cell 
Research (ISSCR) and International Society for 
Cell and Gene Therapy (ISCT). They provide 
forums for international research and authorita-
tively educate all stakeholders. Published guide-
lines and committee statements have highlighted 
topics such as clarification of cell nomenclature 
[78]; minimal criteria for characterisation [20]; 
broad ethical implications [6]; inclusivity and 
diversity [21]; derivation, banking and distribu-
tion of cell lines [40]; hospital practices support-
ing externally manufactured ATMP [9]; ethical 
considerations in application of the European 

Union hospital exemption rule [15]; investor per-
spectives [48]; and potency assays [11, 80]. The 
latest updated 2021 ISSCR guidelines for stem 
cell research and clinical translation provided 
scientifically rigorous and ethically justifiable 
oversight policies [5, 44] and served as a very 
helpful comparator for regulations governing 
related research activities in Japan [83]. 
Stimulating highest level debate, they were not 
without criticism [8, 30].

It can be apt to borrow the terminology of 
watchmakers, whereby functions in addition to 
telling the time, e.g. display of date or a chrono-
graph dial, are termed complications. The ‘com-
plications’ involved when defining a Potency 
assay can be simplified when there is minimal 
and streamlined handling of stem cells prior to 
application, however a recent survey of such pro-
cedures between laboratories suggested they 
lacked congruency [61]. Beyond microbial con-
tamination, cultured cells risk functional degra-
dation and impairment of subsequent function 
[10, 38, 68]. Reducing complication also assists 
with a desired standardisation and sustainability 
of procedures. Conversely, extending complica-
tion can be of great benefit, since there exists 
groundbreaking proof of principle that ex  vivo 
genetic modification of epidermal stem cells can 
potentiate them to treat the potentially lethal 
genetic disease of Junctional Epidermolysis 
Bullosa [16, 27]. Also, since autologous stem cell 
expansion under cGMP culture conditions is usu-
ally a prerequisite to reach a clinical dose, there is 
an opportunity to precondition the naïve cells to 
enhance their inherent function [51].

Bringing harmony to a narrative of vaccine 
development and cell therapy, in circumstances 
when a vaccine shield was unavailable or failed 
to prevent severe SARS-CoV-2 induced symp-
toms, stem/stromal cell-based therapy may 
reduce the risk of mortality in patients with criti-
cal COVID-19 [13, 31, 33, 34, 62], principally 
caused by a hyperactive pro-inflammatory 
immune component [45]. This reflects that 
beyond early notions therapeutic stem cells were 
principally regenerative ‘building blocks’, differ-
entiating to the required cell types needed to 
reconstitute damaged tissue, strong evidence has 
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subsequently indicated the stem cells secrete fac-
tors that have a feedback immunomodulatory 
role via cell-cell interactions. This extends the 
therapeutic scope of stem cell-based treatments 
to immune-mediated conditions [46] including 
facilitation of allogeneic transplantation without 
immunosuppression [79]. Preconditioning strate-
gies [72, 76] and methods for characterising 
immuno-modulatory potency both in  vivo [12] 
and ex vivo [17, 43, 70] are underway, comple-
mented by development of high-throughput on- 
chip technologies [67].

1.5  From Stem Cell Safety 
and Efficacy to Potency

Regulatory authority recommendations place 
information about presumed mechanisms of 
action (MoA) and pathophysiological disease 
processes as secondary to the fundamental con-
cerns of safety and efficacy, the latter prioritising 
the simple question of whether a defined outcome 
is improved by the treatment. ATMP product 
potency testing seeks to establish a correlation 
between a measured property of the product and 
a desired clinical effect, demonstrable with either 
in vivo or in vitro assays. There is potential for 
significant flexibility and staging so that specific 
potency assays may be adequately evaluated on a 
case-by-case basis during product development. 
Clinical trials progress through four major 
phases. Phase I places emphasis on safe drug 
interaction with the human body; Phase II, accu-
rate dose and initial efficacy data with observa-
tion of any side effects; Phase III, evaluation of 
safety and efficacy; Phase IV after formal 
approval there is determination of public safety 
of the new product [50]. Manufacturers are 
expected to have defined the potency assay 
acceptance criteria before the initiation of pivotal 
Phase III clinical trials. The sponsor/investigator 
must provide the regulatory authorities with com-
prehensive documentation on the number of par-
ticipants in the clinical studies and the required 
number may vary according to the intervention, 
rare diseases usually requiring fewer participants 
than common diseases. Before attending, volun-

teers for each clinical trial should be informed of 
the enrolment criteria, possible side effects and 
the advantages of the study. There is constructive 
debate on the elements needed for adequate 
informed consent to implement regulated clinical 
trials of cell products ethically and responsibly 
[47, 73, 81]. Regulatory authorities are respon-
sive to the ongoing concerns for necessary infor-
mation as novel cell-based therapies move from 
bench to bedside [37]. Guidelines and regulations 
are issued on what information needs to be made 
to the public, scientific and clinical community at 
the onset of a clinical trial to protect human sub-
jects, provide financial disclosure by clinical 
investigators, invoke institutional review boards 
and provide data protection of electronic records 
and electronic signatures. It is not unusual that 
one does not know the full mechanism of action 
of a cell-based therapeutic at early-stage clinical 
trials, at that phase potency assays may have only 
a limited potential to comparably assess different 
cell lots and lines [3]. However, if for phase III 
trials patients were educated about the potency 
assay for their particular intervention, this could 
enhance knowledge for informed consent and 
help avoid unproven therapies that risk damaging 
the public perception of stem cell research and 
regenerative medicine [4].

1.6  Complementing Stem Cell- 
Based Therapy Art 
with Standard Operating 
Procedures

This book seeks to provide a timely overview of 
what is to be understood by potency assays and 
its associated terminology, focusing on stem 
cell- based ATMP.

Well-characterised epithelial stem cells became 
the first approved stem cell-based therapies in 
Europe [53] providing limbal stem cell derived 
long-term corneal regeneration [57]. In contrast, 
the most extensively studied cell type under con-
sideration for therapeutic applications, commonly 
yet controversially termed Mesenchymal Stem 
Cells (MSC), has proved arduous to comprehend. 
Although apparently accessible from a number of 
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tissue sources [25, 60], MSC remain phenotypi-
cally enigmatic [36, 58] and of debated nomencla-
ture [77]. Consequently, this book places emphasis 
on MSC since they represent an excellent exten-
sively studied cell type for exposing the many 
critical aspects of the potency assay and its impor-
tant role in establishing a genuine understanding 
of the role played by stem cells in therapeutic 
intervention.

In addition, novel cell-based therapies using 
chimeric antigen receptor (CAR) redirected T 
cells, efficacious in the treatment of leukemia/
lymphoma, represent a therapeutic approach 
gaining prominence, with new potency assay 
challenges for extending this promising therapy 
to solid tumours. Notably, engineered MSC may 
have a complementary role in enhancing efficacy 
when extending CAR T-cell therapy to solid 
tumours [84].

Novel stem cell-based therapies present many 
challenges [66] and potency assays have always 
been influenced by many factors [55]. Foremost 
is the source of stem cells, that may originate 
from diverse tissue sources and undergo a range 
of preparation procedures. Ideally, for consistent 
quality under current good manufacturing prac-
tice (cGMP) each element of the process needs to 
be carefully documented and sourced so there 
can be traceability, accountability and reproduc-
ibility [24]. Important considerations include 
manufacturing process details related to cell pro-
cessing, expansion and formulation and whether 
these can adopt a suitable closed and automated 
workflow system [29].

The patients receiving variolation were often 
initially subjected to a preparative phase aimed at 
maximising the chances that they would respond 
well to the procedure. In the case of stem cell- 
based therapy, this may not always be possible. 
The therapeutic cells obtained for autologous cell 
therapy are subject to the health condition of the 
patient at the time and there may be a limited 
opportunity to control this, especially in circum-
stances involving urgent treatment of an unex-
pected traumatic injury. This underscores the 
importance of a prompt potency assay in deter-
mining whether the sourced cells, subject to het-
erogeneity and specific contexts, are indeed fit 
for purpose.

The standard operating procedure involved in 
manufacturing the ATMP therapeutic and choice 
of administration route are also subject to numer-
ous options and choices and these will retrospec-
tively impinge on the potency assay, as it needs to 
remain relevant to the type of therapy envisaged. 
The same type of cells, sourced and prepared in 
the same way, may have common aspects of 
quality control and characterisation, yet require 
distinct potency assays according treatment 
modality to account for different attributes 
responsible for specific mechanisms of action. 
Quests for suitable potency assay biomarkers that 
may predictively indicate appropriate stem cell 
function remain susceptible to the dynamic cel-
lular responses to different microenvironments. 
Phenotypic expression within the parameters of 
an in vitro assay may not necessarily prove con-
sistent with that of the same cells in their in vivo 
microenvironment. Nonetheless, targeted 
research has revealed helpful insights into MSC 
heterogeneity [26] and candidate biomarkers for 
surrogate potency assays [52].

Over the course of decades, academic scien-
tific researchers, physicians and hospital staff 
have gained important insights that can help with 
optimisation of procedures to minimise time and 
costs, improve assay development and establish 
how best to deliver a therapeutic impact from 
biological properties and functions. Research 
towards stem cell-based therapy has benefited 
from keen detailed observation and creativity, 
rendering it an art among scientists and physi-
cians. This is increasingly being complemented 
by an objective and pragmatic approach within 
Industry, aiming to accelerate translation of sci-
entific observations to widespread ATMP appli-
cation. Changes in scale and automation with 
rigorously maintained protocols have sought to 
address the many current challenges and provide 
a sustainable workflow [56]. Early and constant 
engagement with regulatory agencies throughout 
the manufacturing process can help ensure timely 
provision of the necessary documentation during 
clinical trials. Since potency assays constitute a 
critical step for the release of drug products, the 
assays are stringently validated. Figure 1.2 illus-
trates the terminology for the key parameters 
sought in analytical procedures according to the 
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Fig. 1.2 ICH guidance for key parameters validating the analytical procedures of potency assays. (https://database.ich.
org/sites/default/files/Q2_R1__Guideline.pdf)

International Council of Harmonization (ICH) 
guidelines.

Clinical studies are conducted to collect safety 
and effectiveness information to support market-

ing applications for a new drug product. A clini-
cal study sponsor obtains authorisation through 
filing for an investigational new drug (IND) in the 
USA or an equivalent investigational medicinal 
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product (IMP) in Europe, necessary to commence 
human clinical trials in the jurisdiction. 
Successful completion of Phase I, II and III clini-
cal trials can allow manufacturing and marketing 
of the ATMP. Phase IV trials represent a post- 
marketing surveillance following approval of the 
product. Additional regulations govern the final 
post-marketing and commercial approval of the 
Biological License Application (BLA), defined 
by the FDA as a request for permission to intro-
duce a biological product into interstate com-
merce, regulated under Code of Federal 
Regulations Title 21 (21 CFR 600–680) [29]. 
Such procedures ensure rigorous clinical testing 
and ultimately accelerate the provision of novel 
safe medicinal cell products.
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2Potency Assay Development: 
A Keystone for Clinical Use

Raffaela Torggler, Eva Margreiter, 
Rainer Marksteiner, and Marco Thurner

2.1  Potency Assays as Part 
of Cell-Based ATMP Quality 
Control Testing

2.1.1  What Is a Potency Assay?

It is indisputable that medicines for human use 
must undergo strict quality control testing to 
ensure a safe, stable and efficacious product. This 
task becomes more challenging when developing 
and manufacturing highly complex medicines 
such as cell-based Advanced Therapy Medicinal 
Products (ATMPs) [1, 2]. These products often 
contain cells as a drug substance (i.e. active 
ingredient) that have been isolated, expanded 
and/or differentiated or even grown to form 
tissue- like structures in  vitro before use in a 
patient. Cell-based ATMPs can be divided into 
somatic cell therapy medicinal products and tis-
sue engineered products, depending on their 
functional principle in the body [1]. Somatic cell 

therapy medicinal products exert a pharmacolog-
ical, immunological or metabolic action to treat, 
prevent or diagnose a disease, whereas tissue 
engineered products are intended to regenerate, 
repair or replace a human tissue [1]. As part of 
the quality control strategy of any cell-based 
ATMP, it must be demonstrated that the drug sub-
stance is biologically active in the manner needed 
for a clinical outcome and thus its potency has to 
be evaluated [3–6]. Basically, potency can be 
described as a measure of the product’s biologi-
cal activity that is necessary for the desired thera-
peutic effect. More precisely, regulatory 
authorities define potency as ‘the quantitative 
measure of biological activity based on the attri-
bute of the product which is linked to the relevant 
biological properties’ [7] or ‘the specific ability 
or capacity of the product, as indicated by appro-
priate laboratory tests or by adequately controlled 
clinical data obtained through the administration 
of the product in the manner intended, to effect a 
given result’ [8]. A potency assay measures the 
biological activity representing the desired mech-
anism of action (MoA) of an ATMP in a quantita-
tive manner. Usually, a product-specific attribute 
that is directly or indirectly linked to the biologi-
cal activity is detected. An example for such an 
attribute is an enzyme whose activity is associ-
ated with the relevant biological function of the 
ATMP such as the ability to interact with existing 
cells for tissue repair. The challenge when work-
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ing with such complex systems is to identify an 
attribute that is quantifiable and represents the 
relevant MoA of the ATMP.

2.1.2  Regulatory Requirements 
for a Potency Assay

One requirement for marketing authorisation of 
ATMPs is the demonstration of all relevant infor-
mation on the characterisation of the product. 
Potency testing is part of the product characteri-
sation and control strategy, which explains the 
importance of being able to measure potency for 
marketing authorisation and thus of establishing 
a potency assay during product development [9–
12]. To release a product on the market, specifica-
tions for potency and other product quality 
characteristics must be defined and clearly stated 
[7]. Potency should be measured in a quantitative 
manner, making it easier to set precise accep-
tance criteria. Each batch must meet these speci-
fications for its release as part of product quality 
control testing, so potency testing plays a central 
role for drug release [3–6]. Product characteris-
tics beside potency that must be tested involve 
identity, purity, sterility and viability [3, 10, 13]. 
Regulatory guidelines also describe the impor-
tance of potency assays for validating the manu-
facturing process, demonstrating batch-to-batch 
consistency as well as determining the stability 
and shelf-life of a product [3–5].

As ATMPs vary in drug substance and desired 
MoA, no uniform potency assay is available. This 
implies that a potency assay needs to be devel-
oped individually for every ATMP and the appli-
cation it is used for. Thus, the evaluation of a 
potency assay by the regulatory agencies must 
also occur on a case-by-case basis. A potency 
assay used for marketing authorisation must 
comply with the appropriate regulations and 
guidelines [3–5]. This includes fulfilling the fol-
lowing key points for a potency assay; the result-
ing data

 (i) are quantitative, enabling the precise speci-
fication of acceptance criteria for product 
release

 (ii) indicate the relevant biological activity and 
reflect the expected MoA of the ATMP

 (iii) give an indication of the overall product 
quality as potency depends on other qual-
ity parameters such as purity, identity, and 
viability

 (iv) correlate with the drug dose (e.g. number 
of potent cells)

 (v) are controlled by appropriate standards, 
reference materials and/or other controls

 (vi) allow establishing stability specifications
 (vii) can (ideally) be linked to clinical efficacy 

meaning that higher biological activity 
indicated by the potency assay result leads 
to a better clinical outcome, and

 (viii) must be validated to guarantee specificity, 
accuracy, precision, linearity, range and 
robustness of the assay according to gen-
eral rules on method validation (Fig. 2.1) 
[5, 14].

2.2  Approach to Develop 
a Potency Assay for Cell- 
Based ATMPs

2.2.1  General Considerations

The development of a potency assay for cell- 
based ATMPs is a challenging but at the same 
time essential task. Being able to measure the 
product’s potency in a quantitative manner is not 
only a prerequisite for market approval applica-
tion and a crucial part of quality control but also 
valuable for clinical use, including its role in esti-
mating clinical efficacy and defining the effective 
dose of an ATMP.

Some general considerations must be kept in 
mind when establishing a potency assay. 
Although it may not be possible to immediately 
meet all key requirements of a potency assay, 
such as linking potency to clinical efficacy, it 
should be initiated during early stages of prod-
uct development [3, 5, 15]. This allows the col-
lection of valuable data from pre-clinical or 
early clinical to late clinical stages as well as 
evaluation of the impact of manufacturing 
changes on the product’s quality already during 
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Fig. 2.1 The key 
requirements for potency 
assays. A potency assay 
must provide 
quantitative data that 
correlate with the drug 
dose and reflect the 
desired MoA as well as 
the overall product 
quality. Proper controls 
must be included when 
performing the 
experiment. A potency 
assay can be used to 
determine product’s 
stability specification 
and ideally to estimate 
clinical efficacy. The 
successful establishment 
of a potency assay 
according to these 
criteria and the 
validation of the assay 
are required for 
marketing authorisation 
of an ATMP

its development. The potency assay might need 
to be adapted or re- designed during product 
development, as increased understanding of the 
ATMP can introduce new opportunities to 
improve the potency assay. It is therefore advis-
able to identify and characterise more than one 
attribute indicating the biological activity and 
appropriate detection method suitable for a 
potency assay [5]. Constant refinement of the 
potency strategy throughout the clinical devel-
opment results in a well-established assay that 
fulfils the key requirements and reflects the clin-
ical experience.

In addition to these general considerations, 
several steps are suggested when developing a 
potency assay, as outlined in this section and in 
Table 2.1. It is important to mention that the steps 
do not have to be performed in this exact order as 
some steps can be interchanged or done in 
parallel.

Step 1 – Definition of the (Expected) MoA
First, the MoA or at least the expected MoA of 
the ATMP must be defined. MoA describes the 
mechanism how an ATMP causes the desired 
therapeutic effect in the patient. However, this 
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Table 2.1 Steps to develop a potency assay

Steps Short description
Step 1:
Definition of the (expected) 
MoA

Define the intended biological activity that the product has to exhibit for its 
(expected) therapeutic effect

Step 2:
Characterisation of the product 
and definition of possible 
attributes for potency testing

Determine the physical, (bio-)chemical and biological characteristics of the 
product’s drug substance to define attributes that directly or indirectly represent 
the intended MoA

Step 3:
Design of the potency assay

Decide whether a biological assay, non-biological analytical assay or multiple 
assays are most suited for measuring potency of the respective ATMP. Develop 
and implement methods to quantitatively measure defined attributes

Step 4:
Evaluation of the potency assay

Define appropriate controls and standards. Test the relationship between the 
results obtained from the potency assay and the drug dose (e.g. number of 
potent cells) as well as critical quality parameters as already set in place. 
Optimise potency assay methodology for routine use. Draft standard operating 
procedures and use of instruments

Step 5:
Validation of the potency assay

Validate specificity, accuracy, precision, linearity, range and robustness of the 
proposed potency assay according to general guidelines for method validation

Step 6:
Test variability and set 
specification

Test batch-to-batch variability and variability throughout the manufacturing 
process. Set specifications including acceptance criteria based on the collected 
data

Step 7:
Link to clinical efficacy

Test whether the result provided by the potency assay can be linked to the 
intended therapeutic effect in patients. Confirm, if possible, by formal 
hypothesis-driven procedure

MoA can be complex, multifactorial and is often 
not fully understood or characterised during 
ATMP development, making it difficult to spec-
ify the MoA [5]. The MoA can be specified using 
knowledge from literature and by studying the 
product’s biological activities in vitro and in vivo 
concerning the intended therapeutic effect, for 
example, in surrogate animal disease models.

Step 2 – Characterisation of the Product and 
of Possible Attributes for Potency Testing
A potency assay needs to represent the MoA and 
indicate the relevant biological activity of the 
product. To develop such an assay, the product as 
well as the materials and methods used during the 
manufacturing process must be characterised 
thoroughly [5]. Variabilities in the manufacturing 
process (e.g. cultivation times) and materials the 
drug substance is brought in contact with (e.g. 
growth factors) might alter the product-specific 
attributes that are linked to the product’s biologi-
cal activity. These possible effects should be con-
sidered when defining attributes suspected to 
represent the MoA. Moreover, it is necessary to 

acquire a deep understanding of biological as 
well as physical and (bio-)chemical properties of 
the product [4, 15, 16]. These data are required to 
first define the drug substance (e.g. the relevant 
cell type that provokes the intended therapeutic 
effect), allowing one to subsequently identify and 
quantify the drug substance during the manufac-
turing process; and second, to specify the rele-
vant biological activity by means of attributes 
linked to this activity. The identification of physi-
cal and (bio-)chemical properties that are directly 
involved in, or indirectly linked to, the intended 
biological activity of the product is valuable for 
developing an analytical potency assay [3]. An 
example for an indirect association could be an 
enzyme that is only expressed and active during 
fulfilment of the desired biological activity 
in  vitro [14]. The most crucial step here is to 
clearly demonstrate that these attributes are asso-
ciated with the desired biological activity. While 
physical and (bio-)chemical characteristics show 
that the requirements to provoke the intended 
biological effect are given, biological charac-
terisation refers to the analysis of the product’s 
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relevant function in a living biological system, 
for example measurement of cell migration 
in  vivo in animals. Thus, direct analysis of the 
biological activity or indirect analysis by physi-
cal or (bio-)chemical properties can be consid-
ered. Taken together, the characterisation analysis 
should result in the identification of parameters 
to define the drug substance, and of attributes that 
are linked to the biological activity and poten-
tially relevant to the proposed MoA [15].

Step 3 – Design of the Potency Assay
After a comprehensive characterisation of the 
product, defining the MoA and attributes that 
possibly represent the MoA, the next step is to 
design an assay allowing measurement of these 
attributes in a quantitative manner. It is important 
to consider that the potency assay should comply 
with the respective regulations and the current 
good manufacturing practice [4, 5, 17]. Potency 
tests can be grouped into biological, non- 
biological analytical, or multiple assays [5].

Biological assays measure the product’s abil-
ity to elicit the intended effect in vivo using ani-
mal studies or in vitro using organ, tissue or cell 
culture systems. These assays demonstrate that 
the product is biologically active in the context of 
a biological system, serving as a good indication 
that the product will provoke the desired effect 
also in the patient. However, providing quantita-
tive data is more complicated and biological 
assays are often themselves complex and time- 
consuming [4]. This can be very problematic if 
the product stability does not allow waiting for 
the result of the potency assay for days or weeks 
before lot release. Owing to these difficulties, it is 
not always feasible to develop a biological assay 
measuring the product’s potency. In this case, 
potency needs to be evaluated in non-biological 
analytical assays. Here, surrogate markers, i.e. 
physical or (bio-)chemical parameters that are 
linked to the intended biological activity, are 
measured in a quantitative manner. This requires 
extensive characterisation of the product and 
appropriate tests to clearly demonstrate the cor-
relation between the measured parameter and the 
biological activity [5]. If potency cannot be mea-
sured adequately by a single biological or non- 

biological analytical assay, multiple assays have 
to be utilised. This might be the case if the bio-
logical activity can only be sufficiently indicated 
by the measurement of more than one parameter 
that cannot be tested in a single potency assay. 
These multiple assays, also called an assay 
matrix, can consist of biological and/or analytical 
assays that provide quantitative data and option-
ally additional qualitative data.

Overall, the aim of this step is to find analysis 
methods suitable for quantitative measurement of 
the product-specific attributes that indicate the 
biological activity and reflect the desired 
MoA. Although the quantitative nature of potency 
assays is described as a key requirement, quanti-
fication of biological activities is not always fea-
sible. In these cases, semi-quantitative assays 
might be accepted, although defining the accep-
tance criteria and validating the assay might be 
more difficult. As potency testing is ultimately 
part of product quality control necessary for 
batch release, the potency assay needs to be vali-
dated, and several tests to evaluate the assay must 
be conducted. Therefore, it is advisable to define 
a range of appropriate attributes and more than 
one analysis method to possess at least one 
potency assay that fulfils all requirements, and 
ideally indicates clinical efficacy [5]. Potency 
assays that are not suitable for batch release, for 
example potency assays that are not fully vali-
dated or in  vivo assays that are too time- 
consuming, can still provide useful information 
for product characterisation and further 
development.

Step 4 – Evaluation of the Potency Assay
A potency assay that quantitatively measures 
product-specific attributes indicating the relevant 
biological activity fulfils the main requirements 
that are necessary to describe it as a potency 
assay. However, additional considerations and 
tests are required to show the fulfilment of the 
other key requirements to generally improve the 
potency assay and to establish it as a practicable 
method for routine use.

One of the core requirements for potency test-
ing is the inclusion of reference material, stan-
dards and/or other controls when performing the 

2 Potency Assay Development: A Keystone for Clinical Use



18

assay to ensure that the assay has performed as 
expected [4, 5]. Without these controls, it is 
impossible to distinguish whether the result 
obtained is caused by a biological event or a tech-
nical artifact. A negative result can indicate either 
that the product does not exhibit the desired bio-
logical activity or that the assay failed due to 
technical problems. Only if detected as such, 
technical errors can be corrected, indicating a 
need to repeat the experiment. As every ATMP 
and potency assay is different, the necessary 
 controls must be considered individually for each 
potency assay during the assay development pro-
cess. Reference materials, for example, can be 
either well characterised materials, such as cell 
lines that are similar to the product, or a product 
batch with demonstrated activity and perfor-
mance. The provision of the latter is often not 
feasible as it requires large amounts of the prod-
uct that are stable and storable over a longer 
period without losing their quality properties 
[15]. The crucial role of these controls in a stan-
dardised process shows the need for validation of 
the controls themselves including the evaluation 
of their stability. Especially when a new batch of 
the reference material is required, its perfor-
mance must be compared to the original batch.

In addition, it is necessary to show that the 
result obtained correlates with the dose of the 
product (e.g. number of potent cells). Generally, 
the results provided by the potency assay should 
be used alongside other quality parameters such 
as viability, purity and identity. It is advisable to 
perform tests showing these dependencies. An 
example for a quality parameter is the number of 
cell doublings indicating the proliferative age of 
a cell culture. Depending on the ATMP, the 
desired biological activity might decrease with 
progressive cell divisions. If this is the case, it 
should affect the result measured by the potency 
assay. Moreover, as potency is a crucial indicator 
for stability studies, it is important to show that 
the potency assay can be used to determine the 
shelf life of a product and to validate the prod-
uct’s stability.

To generally optimise a potency assay, sources 
of variability should be omitted by establishing 
and subsequently following a detailed standard 

operating procedure [5]. Developers should con-
sider whether to use externally supplied kits or 
established in-house methods and procedure. The 
long-term supply and quality of crucial reagents 
used in the potency assay should be ensured. As 
the potency assay is used as a routine assay for 
drug release, it should be as cheap, fast and sim-
ple to use as possible.

Step 5 – Validation of the Potency Assay
A potency assay must be validated to be suit-
able in routine use for drug release procedures. 
During the validation process, the specificity, 
accuracy, precision, linearity, range and robust-
ness of a potency assay are tested [5, 15, 18]. To 
analyse these validation characteristics, statisti-
cal methods must be applied and methods must 
be fully described. Detailed definitions and 
descriptions of how to gain and present the vali-
dation results are outlined in ICH Topic Q2 
(R1) [18] and are summarised in the following 
paragraphs. A re- validation is necessary if the 
procedure of the potency assay or the manufac-
turing process, including the composition of the 
product is changed [18]. Modifications to the 
workflow of a potency assay require a compara-
bility study between the original and the modi-
fied assay [5].

Specificity means that only the drug substance 
(e.g. relevant cell type) can elicit a positive 
response in the potency assay. No positive signal 
should be detectable when measuring impurities, 
product matrices alone (i.e. material or cells that 
stabilise or support the drug substance) or pro-
genitor cells of the relevant cell type. Specificity 
can be demonstrated, for example, when the drug 
substance alone provokes the same response as 
the drug substance spiked with an appropriate 
amount of impurities such as irrelevant cell types. 
This also shows that the result of a potency assay 
depends on the purity of the product, another 
important quality parameter.

Accuracy is also termed ‘trueness’. An assay 
is considered accurate if the measured value is 
sufficiently close to a conventional true value or 
reference value. One way to demonstrate accu-
racy in a validation process is to measure a refer-
ence standard of known behaviour with the newly 
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developed potency assay and to show that this 
elicits the expected response.

Precision means that the measurement of the 
same sample multiple times under prescribed 
conditions leads to similar results. Precision can 
be divided into categories of repeatability, inter-
mediate precision and reproducibility. 
Repeatability can be tested by measuring one 
sample under the same operating conditions 
within a short time frame. Intermediate precision 
reveals within-laboratory variation, for example, 
by performing the same measurement procedure 
on different days or by different operators. The 
highest level of precision is obtained when one 
expresses the variation of measurements exe-
cuted by different laboratories.

To demonstrate linearity, there needs to be a 
direct correlative relationship between the 
obtained value and the amount of active sub-
stance that is detected and measured in the assay. 
This substance can be the drug substance (e.g. 
relevant cell type) and/or an appropriate standard 
solution. For example, if the potency assay 
detects the end-product of an enzymatic reaction, 
a serial dilution from a stock solution of this end- 
product can be used to demonstrate linearity of 
the assay.

Range can be described as the interval between 
the lower and upper amounts of measurable sub-
stance in which the assay is sufficiently accurate, 
precise and linear. This can be specified during 
the linearity study.

It is also recommended to test the robustness 
in the validation process. An assay is considered 
robust when it remains unaffected by small 
modifications.

The FDA also lists system suitability as a rel-
evant parameter to be validated [5]. This can be 
described as a test to ensure that the system per-
forms as expected. In addition, the modifications 
for validating qualitative or semi-quantitative 
assays are described by the FDA [5].

Step 6 – Test Variability and Set 
Specifications
During the assay development, it is important to 
test if and how the biological activity indicated 
by the potency assay varies between different 

product batches. Optimally, batch-to-batch vari-
ability analysis is performed during the manufac-
ture of clinically used product batches. Based on 
all relevant data collected from tests to establish, 
evaluate and validate the potency assay as well as 
from pre-clinical and clinical studies, specifica-
tions should be set. During early clinical develop-
ment it is not necessary to already define strict 
specifications, as the establishment of the potency 
assay might not be completed [5, 15]. In addition, 
data acquired during this stage of clinical testing 
is valuable for optimising or adapting the potency 
assay. The more the potency assay stands the test 
of time throughout clinical development, the 
more the specifications can be tightened to finally 
set well-defined acceptance criteria for drug 
release.

Step 7 – Link to Clinical Efficacy
Ideally, the activity measured by the potency 
assay should provide a link to clinical efficacy 
[4, 5]. This means that a batch with promising 
potency results should lead to a better treatment 
outcome than a batch with only moderately good 
results. This association is important to define the 
effective dose and acceptance criteria for batch 
release. Pharmacological information that is 
derived during preclinical and clinical studies can 
be screened for any connection to putative 
potency attributes analysed during manufacture 
of batches used in those studies. Post-hoc sub-
group definition for retrospective analysis 
between efficacy/safety outcomes and potency 
analysis can be performed in early clinical phases 
where sample sizes are low. Information derived 
in this way might be utilised for hypothesis- 
driven testing of potency attributes and clinical 
efficacy in large sample clinical trials, ultimately 
validating the potency assay for clinical use.

2.2.2  Progressive Implementation 
of a Potency Assay

Before a product can be released onto the market, 
establishment of the potency assay must be com-
pleted and fully validated with defined specifica-
tions set. However, development of the potency 
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assay already starts much earlier and should 
occur ideally in parallel with the product devel-
opment. The further the product development 
progresses, the more sophisticated the potency 
assay becomes. Thus, implementation of the 
potency assay in product development should 
occur progressively [5]. Although maybe not 
completely established, a potency assay should 
be already implemented during pre-clinical and 
early clinical studies. Potency testing in these 
phases can provide fundamental data valuable for 
further product development. When implement-
ing the potency assay in late phase studies, it is 
important that the potency assay is already suffi-
ciently mature to provide reliable and accurate 
results, to gather meaningful clinical data and to 
link potency to clinical efficacy. During these late 
development phases, defined acceptance criteria 
must be set to ensure that the batches used in the 
study are biologically active and can be consis-
tently manufactured. In addition, potency testing 
is applied to determine the stability of the prod-
uct. A validated potency assay with defined 
acceptance criteria that fulfils all the require-
ments can be finally used to support product mar-
ket approval.

2.3  Clinical Value of Potency 
Assays

2.3.1  Relationship Between 
Potency and Clinical Efficacy

Clinical efficacy is a measure of how successful a 
treatment is in achieving a desired therapeutic 
effect. The only way to determine clinical effi-
cacy of a newly developed product is to perform 
clinical studies. No in  vivo animal or in  vitro 
study can predict whether the proposed effect, 
such as significant improvement of symptoms, is 
achieved when treating human patients with the 
product. One requirement for gathering reliable 
and meaningful data during the clinical studies is 
to ensure that the product is consistently manu-
factured from batch to batch and fulfils pre- 
defined quality parameters and stability 
expectations. Assessing the product’s potency 

plays a central role, in turn highlighting the 
important clinical value of potency assays [4, 5]. 
Demonstrating consistency in the manufacturing 
process is also an essential control to show that 
the process is stable and performs as expected for 
every batch. In addition, clinical studies should 
confirm the clinical efficacy of a product that is 
manufactured according to a specific procedure 
and that exhibits measurable parameters with 
pre-defined specifications. Assuming successful 
manufacturing procedures and consistent potency 
test performance, clinically destined sample 
batches are expected to result in similar clinical 
outcomes.

A potency assay measures the product’s bio-
logical activity usually by analysing a product- 
specific attribute that is directly involved in or 
indirectly linked to the biological activity 
required for the product’s mode of action. 
Although biological activity is a requirement for 
clinical efficacy, it does not guarantee the success 
of the treatment. This means that measuring the 
product’s potency does not replace evaluation of 
the product’s clinical efficacy in blinded, ran-
domised and placebo controlled clinical trials. 
Still, a link between potency and clinical efficacy 
can be established by showing that a batch with 
promising, good potency results is more effica-
cious treatment than a batch with only moderate 
potency results. Thus, potency testing can be 
expected to demonstrate that the product has the 
potential to provoke the desired effect also in the 
patient.

2.3.2  Potency and Defining 
an Effective Dose for ATMPs

Finding the dose that is required to induce the 
desired effect is a central task during clinical 
development of ATMPs. Generally, clinical trials 
comparing different product doses are carried out 
to evaluate optimal safety and efficacy balance to 
find the effective dose; described as the amount 
of drug substance in a product required to achieve 
the desired effect [10]. For market authorisation 
it is important to determine the minimal effective 
dose, i.e. the lowest dose capable of eliciting the 
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desired effect [3, 10]. Identifying the minimal 
effective dose is also important to keep the cost of 
the final product as low as possible. In cases of 
cell-based ATMPs, a higher dose per product 
might go along with increased cell cultivation 
time and effort, which indeed results in higher 
manufacturing costs.

For cell-based ATMPs, the dose is often indi-
cated as the number of cells or as the cell content 
(e.g. protein content) that meet pre-defined 
acceptance criteria in terms of viability, identity, 
purity and potency. To design meaningful dose- 
finding clinical studies, it is of utmost importance 
to ensure potency consistency between batches. 
Special care must be taken when alterations in 
the manufacturing process are required to pro-
duce different doses (e.g. low and high cell 
count), since this might have an impact on the 
potency of the ATMP. This underlines the neces-
sity of understanding the extent to which manu-
facturing processes may influence ATMP potency 
and of having an appropriate potency assay in 
place to control for batch-to-batch sample consis-
tency. Besides determining the dose-response 
correlation with consistent potency per dose in 
clinical studies, considering varying potencies 
per dose might help optimise the safety and effi-
cacy outcome. Ideally, the result obtained from a 
potency assay is linked to clinical efficacy, pro-
viding valuable data for dose definition. In addi-
tion, potency test results should correlate with the 
dose per formulation, thereby helping to define 
the effective dose [3]. This highlights the impor-
tance of a potency assay for dose definition.

Developers of ATMPs might consider specify-
ing potency as potency per unit of content (e.g. 
protein content or number of cells) or potency per 
batch. If a batch exhibits low potency, increasing 
the cell number is only possible within the devel-
oper’s pre-defined range for product release or, 
following market approval, only within the label. 
Especially for cell-based ATMPs, increasing 
product amount by further proliferation of cells 
might lead to their alteration, for example, via 
senescence or differentiation, and this could ulti-
mately result in a failure in product release. In 
case a specific potency per cell might be required 
to provoke the desired effect, lower potency 

per cell may not necessarily be compensated by 
simply increasing the cell number. Thus, defining 
a range of effective potency per product unit 
could help in estimating the range of product 
amount possibly required. Product or process 
optimisation studies are useful to find ways to 
increase potency per unit of content (e.g. cell 
number). This might imply that a lower dose (e.g. 
fewer cells) is required to elicit the desired effect. 
However, also here the dose can only be reduced 
within its pre-defined range. Further reduction of 
the dose might lead to alterations in clinical effi-
cacy as well as safety and can be expected to 
require additional regulatory approval.

Taken together, potency assays are valuable 
tools for clinical use as they demonstrate manu-
facturing consistency, provide a link to clinical 
efficacy and play an important role in defining 
the effective dose.

2.4  Potency Assay in Product 
and Process Development

Potency testing is conducted on the final product 
and a result within a pre-defined acceptance 
range is required for release of the product for 
clinical use. However, in-process potency testing 
is useful to control the quality of the product 
already during upstream manufacturing steps and 
to identify critical methods and materials. Even if 
the quality flaws are so severe that the production 
must be stopped, early detection of such prob-
lems is important as money and time can be 
saved. Data derived from in-process potency test-
ing can be used to foster process optimisation and 
further process development, leading to a process 
assuring consistent derivation of high-quality 
products.

In addition to its role in characterising the 
product and controlling the product’s quality, a 
potency assay is valuable for a range of other 
studies necessary to optimise existing and 
develop new products and processes. This 
involves product stability, comparability and 
compatibility studies. The role of potency testing 
during these studies is summarised in the follow-
ing sections.
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2.4.1  Stability Studies

Stability can be defined as the period of time dur-
ing which the quality of the product remains 
within pre-defined specifications [16]. It is cru-
cial to know the in-use as well as the storage sta-
bility of the final product for its clinical 
implementation. In-use stability describes how 
long a product is stable once it starts to be in use, 
for example, after thawing of cryopreserved cells. 
The ability to store the product is often necessary 
due to feasibility issues (e.g. to comply with the 
time limits of supply chains or transport chains). 
In this case, it is important to determine the prod-
uct’s storage stability to clarify whether it is pos-
sible to store the product at all; and if it is, for 
how long, and which storage procedure can be 
applied [19]. The latter are the key questions to 
find out whether the product can be preserved 
(e.g. frozen), and whether the quality of the prod-
uct remains intact after preservation (e.g. freez-
ing and thawing) [20]. In addition, the stability of 
the product must be ensured during the shipping 
procedure [21]. Based on these data, the prod-
uct’s shelf life under storage conditions and in 
use can be defined [15, 19]. It is advisable to 
investigate the stability not only of the final prod-
uct but also of intermediates. This provides 
important information on the period of produc-
tion and storage opportunities of intermediates.

To determine its stability, the quality of the 
product is measured over time or before and after 
the proposed storage conditions. As potency is a 
central indicator for the product’s quality, a well- 
established potency assay is indispensable for 
stability studies [15, 19]. Although viability tests 
provide an easy and fast indication of cell-based 
ATMP stability and might be required for bio-
logical activity, they do not demonstrate the bio-
logical activity required for the product to be 
efficacious [16]. Therefore, viability alone is not 
a good measure of stability. The importance of a 
potency assay for stability studies must be already 
considered during assay development. The FDA 
states that a potency assay should provide data to 
establish the period beyond which the product no 
longer exhibits its desired result [5]. Stability 
studies provide meaningful information to help 

establish the procedure of the manufacturing pro-
cess. For this reason, it is advisable to study sta-
bility by measuring potency already during early 
product development.

2.4.2  Comparability Studies

Comparability is achieved when changes in the 
manufacturing process do not lead to relevant alter-
ations of the product’s quality properties, safety or 
efficacy; that is to say, when the product produced 
in the modified way is comparable to the original 
product [22]. These changes may involve inten-
tional modifications to optimise the manufacturing 
process, but also other alterations such as a differ-
ent supplier of critical material [16].

Before any changes can be implemented in the 
manufacturing process, their impact on the prod-
uct’s quality as well as on the validity of so far 
established non-clinical or clinical data needs to 
be evaluated in comparability studies [10, 22]. 
These studies involve the determination of sev-
eral quality parameters of which potency is a 
very crucial one [15]. Potency testing does not 
only allow evaluation of whether product manu-
facture occurred as expected but it also indicates 
the biological activity, and ideally provides a link 
to clinical efficacy. To ensure that a product 
remains safe and efficacious after process 
changes, potency testing should be supported by 
additional biological assays measuring biological 
functions (e.g. cell migration, differentiation, 
etc.) [15, 16]. This is especially important when 
potency is measured with a non-biological ana-
lytical assay. If pre-clinical (in vitro or in vivo) 
studies do not sufficiently demonstrate the com-
parability of the products’ quality especially its 
biological activity, clinical testing may be 
required to show comparable efficacy and safety. 
The latter clinical testing would be much more 
costly and time-consuming. As changes in the 
manufacturing process during early product 
development can be evaluated in the next clinical 
study, comparability testing during development 
is usually less expensive in terms of time and cost 
than any modifications required post-market 
authorisation [15]. A well-established potency 
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assay may reduce the effort required for compa-
rability studies, and can advantageously reduce 
the risk of incurring costly post-market clinical 
studies for comparability evaluation due to pro-
cess changes.

2.4.3  Compatibility Studies

In many cases, the final ATMP does not only con-
sist of the drug substance (e.g. relevant cell type) 
but also matrix material important for support, 
stabilisation or delivery. Compatibility studies 
need to be performed to demonstrate that the 
drug substance is compatible with these materi-
als, and other substances it comes in contact with 
such as delivery device or product container [16]. 
This involves evaluating the quality of the prod-
uct in its final composition and surrounding 
material. Potency testing plays also here an 
important role as it indicates whether the product 
retains its biological activity.

2.5  State of the Art of Potency 
Assays for Cell-Based ATMPs

2.5.1  Examples of Potency Assays 
for Cell-Based ATMPs

Potency assays must be developed individually 
for each ATMP and for each product-specific 
MoA, implying that no uniform potency assay is 
available. Still, potency assays developed for dif-
ferent ATMPs might have some aspects in com-
mon. Thus, when planning to develop a potency 
assay, it is advisable to study potency assays that 
have been already approved and are already 
applied on a routine basis.

Although the type and nature of the biological 
activity varies between different ATMPs, it often 
involves the stimulation/inhibition of other cells 
or the replacement of cells that are no longer 
existing or capable of fulfilling their function 
[17]. When a cell-based ATMP aims at activating 
or inhibiting specific cells, the biological activity 
of the cells within that ATMP could be the expres-
sion and/or secretion of relevant biomolecules 

such as cytokines following infusion or implanta-
tion. In this case, potency could be tested by mea-
suring the expression or secretion efficiency 
in vitro, if it can be clearly demonstrated that the 
presence of these biomolecules lead to the desired 
effect on target cells [23]. Another example of 
biological activity is the ability of ATMP cells to 
migrate and develop cell networks or to form cell 
structures either with pre-existing host cells or 
among themselves [14, 24]. This may play an 
important role in tissue regeneration. Here, a 
potency assay should be designed to quantita-
tively measure cell structure generation, for 
example by detecting a surrogate marker that is 
demonstrably only expressed or active when the 
desired cell structure has formed [14]. Biological 
activities of stem cell-based ATMPs also involve 
their self-renewal and differentiation capacity, 
that should be measured qualitatively in a potency 
assay [17].

Although the manufacturing process is stan-
dardised, potency needs to be determined for 
every batch separately, as the starting material 
varies in quality and genetic composition. 
Biological potency assays directly measure the 
product’s biological activity in the context of a 
living system while analytical potency assays 
determine physical or chemical parameters that 
are involved in or indirectly linked to the intended 
biological activity. Due to the complexity of bio-
logical assays, the product’s potency is often 
determined by measuring these analytical surro-
gate markers. Widely-used surrogate markers 
include secretion factors, cell surface markers or 
activation markers that are commonly detected 
by methods such as enzyme-linked immunosor-
bent assay (ELISA), flow cytometry or enzymatic 
assays [25]. These surrogate markers enable a 
faster and simpler readout, suitable for batch 
release testing. However, it is crucial to clearly 
demonstrate that the result obtained by the ana-
lytical potency assay correlates with the intended 
biological activity. For example, if the secretion 
efficacy of a relevant factor is measured by an 
analytical potency assay, it must be demonstrated 
that this factor is linked to the intended biological 
activity such as the activation of another cell 
type. Table 2.2 shows examples of potency assays 
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Table 2.2 Examples of potency assays for ATMPs mainly based on surrogate markers

Product name (Company)
Drug substance
MoA Marker

Detection 
method Test to link to biological activity References

ICEF15 (Innovacell)
Human autologous skeletal 
muscle-derived cells 
(aSMDC)
Formation of skeletal 
myofibers by cell-to-cell 
fusion following 
intramuscular injection

AChE activity Colorimetric 
enzymatic 
assay, 
absorbance 
detected by 
plate reader

Myotube formation efficiency 
correlates with AChE activity 
in vitro. High AChE activity was 
linked to high treatment outcome 
in faecal incontinence treatment 
by ICEF15

[14]

MultiStem®(Athersys)
Allogeneic bone marrow 
derived multipotent 
progenitor cells
Treatment of acute 
myocardial infarction by 
paracrine activity to 
promote angiogenesis

Secretion of the 
angiogenic 
factors VEGF, 
IL8 and CXCL5

ELISA Immunodepletion studies 
demonstrate that VEGF, IL8 and 
CXCL5 are necessary for 
MultiStem-induced angiogenesis 
determined by tube formation 
ability in the human umbilical 
vein endothelial cell angiogenesis 
assay

[23]

Apligraf® (Organogenesis/
Novartis)
Skin-like construct 
consisting of allogeneic 
keratinocytes and fibroblasts
Treatment of VLU and DFU 
by creation of physical 
barrier and paracrine 
activity

Histological 
parameters

Histological 
analysis

In vitro and in vivo tests 
demonstrate an association 
between histological parameters 
and functional outcome

[28]

Dermagraft® (Shire 
Regenerative Medicine/ 
Organogenesis)
Dermal tissue engineered 
from allogeneic dermal 
fibroblasts
Treatment of DFU by cell 
colonisation and paracrine 
activity

Secretion of 
regenerative 
factors such as 
VEGF

ELISA Metabolic activity correlated with 
the VEGF secretion efficiency. 
High VEGF secretion was 
detected when metabolic activity 
of the product was within the 
therapeutic range

[28–30]

Neo-Urinary™ Conduit 
(Tengion)
Tissue engineered neo- 
organ based on autologous 
smooth muscle cells
Tissue regeneration by cell 
migration and paracrine 
activity involved in cell 
recruitment

(i) Secretion of 
VEGF and 
MCP1 (factors 
involved in cell 
recruitment)
(ii) Cell 
migration

(i) ELISA
(ii) In vitro cell 
migration assay

(i) MCP1 secretion increased 
monocytes recruitment and VEGF 
secretion was associated with 
monocyte/macrophage infiltration 
as shown by a study on vascular 
transformation
(ii) Efficient cellular migration 
represented a principal MoA

[28, 31, 
32]

Provenge® (Dendreon 
Pharmaceuticals)
Autologous matured APCs 
loaded with tumor-specific 
antigen
Treatment of prostate cancer 
through the cell killing 
ability of CD8+ T cells 
activated by the loaded and 
matured APCs

Expression of 
the cell surface 
marker CD54 
(marker for 
immune cell 
activation)

FACS Expression of CD54 on APCs 
increased during cultivation with 
an APC activating factor
Upregulation of CD54 correlated 
with improved survival of the 
patients

[33–35]

(continued)
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Table 2.2 (continued)

Product name (Company)
Drug substance
MoA Marker

Detection 
method Test to link to biological activity References

ChondroCelect™ (TiGenix)
Autologous chondrocytes
Treatment of cartilage 
defects by chondrogenesis 
and cartilage formation

Expression of 
marker

PCR-based 
marker assay

The expression of these markers 
correlated with in vitro models 
demonstrating chondrocyte 
functionality and in vivo testing 
of cartilage formation such as the 
ectopic cartilage formation assay. 
This assay itself could be used as 
an in vivo potency assay as it was 
correlated with animal efficacy 
model

[16]

Prochymal™ (Osiris/
Mesoblast)
Allogeneic MSCs derived 
from bone marrow
Treatment of graft-versus- 
host disease by paracrine 
activity to downregulate 
inflammatory responses

Expression of 
TNFR1 (marker 
of anti- 
inflammatory 
activity)

ELISA Anti-inflammatory activity of 
TNFR1

[36, 37]

Abbreviations: AChE Acetylcholinesterase, APC Antigen-presenting cell, CXCL5 C-X-C motif chemokine ligand 5, 
DFU diabetic foot ulcer, ELISA enzyme-linked immunosorbent assay, IL8 Interleukin 8, MCP1 monocyte chemotactic 
protein 1, MSC mesenchymal stem cell, TNFR1 tumour necrosis factor receptor 1, VEGF vascular endothelial growth 
factor, VLU venous leg ulcer

for ATMPs mainly based on surrogate markers, 
including their detection method and the appro-
priate test to demonstrate the link to the desired 
biological activity. The given examples focus on 
potency assays but do not provide a full descrip-
tion of the product’s MoA and therapeutic poten-
tial. An overview of potency assays for T cells 
used in immunotherapy [26] and engineered chi-
meric antigen receptor (CAR)-T [27] cells are 
provided by recent reviews.

2.5.2  Challenges to Potency Assay 
Development for ATMPs

Due to the complexity of ATMPs, significant 
challenges are associated with the development 
of potency assays as summarised by the FDA [5] 
and described in the following section.

First, the MoA can be complex and therefore 
difficult to define. Still, specifying the MoA is a 
very crucial steps not only for the development of 
a potency assay but also for the general under-
standing of the product, design of clinical studies 
and correct interpretation of obtained data.

Second, as ATMPs are derived from cells or 
tissue of human beings, the variability of the 
material is high to start with. Although the manu-
facturing process is standardised and sources of 
variability in the production procedure are 
avoided wherever possible, the potency of the 
final product still depends on the quality and 
genetic constitution of the starting material. This 
makes it more difficult to set defined specifica-
tions and to distinguish whether the variability 
comes from the manufacturing process or the 
starting material.

Third, the amount of final product might be 
limited due to the biological source and nature of 
the product (e.g. limited proliferation potential 
of cell), implying that only limited material for 
testing is available. Increasing product yield is 
not always possible as this either requires more 
starting material or a longer manufacturing pro-
cess and more cell duplications. The latter does 
not only imply higher manufacturing costs but 
might also lead to a decrease of the product’s 
quality and biological activity. Thus, potency 
testing must be feasible with limited testing 
material.
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Fig. 2.2 The central 
role of potency testing in 
ATMP development and 
manufacturing. A 
potency assay is a 
valuable tool for product 
quality control, 
characterisation, 
development and 
optimisation strategies 
as well as for clinical 
use

Fourth, the stability of ATMPs might be restricted. 
Potency testing is required for batch release, 
implying that evaluating the final product’s potency 
must occur within the period over which stability 
is ensured. Fast potency testing is especially impor-
tant when cell freezing is not possible.

Fifth, appropriate reference material or stan-
dards to demonstrate that the potency assay 
works as expected might not be available. For 
example, the use of a potent batch as reference 
material for further potency assays might be chal-
lenging if large amounts are required and its sta-
bility must be ensured.

Sixth, the product might be a combined prod-
uct, meaning that more than one cell type exhibit-
ing different biological activities is ultimately 
required to elicit the desired therapeutic effect. In 
this case the development of multiple assays might 
be required to measure the product’s potency.

2.6  Conclusion

Several challenges have to be faced when devel-
oping a potency assay for ATMPs but unique 
therapeutic potential, wide range of applications 
and the importance of a well-established potency 
assay make it worth the investment. Being able to 
measure the product’s potency is valuable for batch 
release (quality control), product development 
(characterisation, compatibility and stability 
studies), process development (comparability 
studies) and clinical use (manufacturing consis-

tency, link to clinical efficacy and dose defini-
tion) (Fig.  2.2). Potency testing using different 
approaches is meaningful throughout early to late 
phases of product development, implying that it 
is beneficial to start early and broadly with 
potency assay development. Use of different 
approaches to measure the product’s potency 
helps addressing each challenge, such as quality 
control for batch release or comparability studies, 
with the most suitable potency assay. Regulatory 
bodies provide guidelines describing the require-
ments of a product-specific potency assay, and 
check whether these requirements are fulfilled, 
and thus whether the newly developed potency 
assay can be approved. Ultimately, the product 
developer and regulatory bodies provide comple-
mentary knowledge whilst working together to 
establish a reliable potency assay to provide a 
safe and effective product.
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3Potency Assays: The ‘Bugaboo’ 
of Stem Cell Therapy
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Abbreviations

2D 2-dimensional
3D 3-dimensional
ALP Alkaline Phosphatase
ATMP Advanced Therapy Medicinal 

Products
CAR-T  Chimeric Antigen Receptor-T cells
cGMP current Good Manufacturing Practice
CLI Critical Limb Ischaemia
CQA Critical Quality Attribute
DP Drug Product
DS Drug Substance
ECFA Ectopic Cartilage Formation Assay
ELISA Enzyme-Linked Immunosorbent 

Assay
EMA  European Medicines Agency

EU European Union
FDA  Food and Drug Administration
FIH First in Human
GTP Good Tissue Practice
ICH International Conference on 

Harmonization
IPC In-Process Control
ISCT International Society for Cell and 

Gene Therapy
MHLW Ministry of Health, Labour and 

Welfare
MoA  Mechanisms of Action
MSC  multipotent Mesenchymal Stromal 

Cells
PMDA Pharmaceuticals and Medical Devices 

Agency
QbD Quality by Design
QC Quality Control
QMS  Quality Management System
QTPP Quality Target Product Profile
TPP Target Product Profile
US  United States of America

3.1  Potency – What a Cell Can Do

The expected effect of medicines is determined 
upon production by defining a critical quality 
attribute (CQA) known as potency [1]. According 
to the International Conference on Harmonization 
(ICH) of Technical Requirements for Registration 
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of Pharmaceuticals for Human Use, potency is 
defined as the quantitative measure of biological 
activity based on the attribute of the product, that 
is linked to the relevant biological properties [2]. 
Such activity can be assayed based on the 
intended biological effect, which should ideally 
be related to the actual clinical response. 
Advanced Therapy Medicinal Products (ATMP) 
pose an unprecedented challenge for drug devel-
opers due to the complex nature of this type of 
medicine [3]. Hence the importance of clearly 
defining suitable and reliable potency assays to 
guarantee batch-to-batch consistency for safe 
cellular products, capable of exercising the 
intended therapeutic effect. Generally, the mea-
surement of biological activity will become the 
potency test for the drug substance (DS) and drug 
product (DP). Adequate potency assays are 
needed to predict the therapeutic efficacy of cell- 
and gene-based medicinal products throughout 
product development programmes and not only 
after marketing approval [4]. However, it is 
unlikely that one single assay will capture all bio-
logical effects of complex innovative medicines. 
Therefore, various in vitro or in vivo biological 
assays may be needed to convincingly measure 
potency, which in turn increases cost, time and 
production logistics. This is particularly relevant 
for small batches of allogeneic products or for 
single dose of autologous products. Moreover, 
the lack of relevant animal models is a major 
drawback for in vivo assays. On the other hand, 
in vitro assays are limited to the measurement of 
biochemical or physiological responses at the 
cellular level. Nonetheless, there has been rapid 
progress in the development of advanced cellular 
systems, including organoids and organs-on-a- 
chip that can recapitulate to some extent the clini-
cal situation in miniaturised formats. 
Paradoxically, rather than resembling the clinical 
situation faithfully, there is a risk of generating 
artefactual environments with these approaches 
[5]. Nonetheless, it is worth mentioning some 
current tools for traditional drug testing, mainly 
for toxicology assessment and the study of mech-
anism of action (MoA) that may be implemented 
for use with cell- and gene-based therapies, such 
as two dimensional (2D) micropatterned co- 

cultures [6], three dimensional (3D) trans-well 
co-cultures [7, 8], 3D spheroids and organoids [9, 
10], and 3D bioprinted tissues [11].

3.2  Relevance of Potency Assays

Identity of ATMP is commonly taken as a surro-
gate marker of their potency, particularly in early 
phase developments. However, this is a simplifi-
cation in the recognition of the products’ attri-
butes that can be misleading provided that typical 
surface marker expression panels used for identi-
fying cellular populations composing the active 
ingredient are (a) incomplete, (b) unspecific (in 
general) and (c) not necessarily linked to what 
cells can actually do in vivo. Although the expres-
sion of specific cell surface markers is extremely 
useful for a rapid identification of the drug sub-
stance (DS) and/or the drug product (DP), its bio-
logical response upon specific stimuli or the 
behaviour within the pathogenic milieu cannot be 
precluded by only considering the expression of 
such markers. Therefore, suitable potency testing 
is key for characterising this type of complex 
product, batch-to-batch consistency and compa-
rability among different manufacturers. A combi-
nation of multiple methods may be needed to 
adequately define potency in functional assays 
during product development programmes. 
Certain assays may be needed to control quality 
amid procedural changes, whereas others are 
more suitable for product characterisation, com-
parability and release for clinical use. Preferably, 
the relevant, validated potency assay should 
reflect the clinical MoA and form part of the 
specifications for the DS and/or DP.  When an 
appropriate potency assay is used for the DP, an 
alternative method (physicochemical and/or bio-
logical) may suffice for quantitative assessment 
at the DS stage. Potency assays are expected to 
be validated prior to pivotal late-stage clinical tri-
als (Fig. 3.1). In some cases, the measurement of 
biological activity within a specific range may 
provide useful information, particularly if the 
MoA is poorly understood. In any case, it is 
important to objectively correlate the potency 
data with the actual pharmaceutical activity with 
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Fig. 3.1 From discovery to validation of potency assays alongside clinical development of cell- and gene-based medic-
inal products

confirmation in a clinically relevant setting [12]. 
For instance, the first advanced therapy medici-
nal product (ATMP) approved by the European 
Medicine Agency (EMA), ChondroCelect, used 
an Ectopic Cartilage Formation Assay (ECFA) in 
experimental mice but failed to demonstrate a 
valid correlation between the ECFA histology 
score and actual cartilage repair in an orthotopic 
goat model [13]. Therefore, the European cell 
therapy company  TiGenix NV  (subsequently 
acquired by Takeda Pharmaceutical Company) 
opted to define a panel of surrogate molecular 
markers that this time was demonstrated to cor-
relate well with other relevant in vitro models of 
chondrocyte functionality, such as the well- 
described 3D chondrogenic pellet assay [14, 15]. 
This example illustrates how major efforts are 
needed to make potency assays relevant and pre-
dictive of the clinical effect. Due to the often- 
incomplete knowledge about the product in early 
stages of development, one should focus on 
improving the understanding of a comprehensive 
set of key aspects such as: (a) the final product 
conditioning and stability, (b) dosing and dosage 
of cell-based therapies, (c) intended route of 
administration, (d) interaction with concomitant 
treatments, (e) co-morbidities in the patient (par-

ticularly for chronic disease conditions) and (f) 
MoA. An additional concern in this field relates 
to the limited information available from com-
mercial entities, in which some aspects of the 
potency assays used are deemed proprietary and 
not disclosed, making it more difficult to find rel-
evant literature to support decisions.

3.3  Regulatory Requirements

As happens to be the case for all medicines, 
ATMP need the approval of the competent regu-
latory authority before commercial use in humans 
[3]. Regulatory agencies, such as the EMA in 
Europe, the Food and Drug Administration 
(FDA) in the US, or the Pharmaceutical and Food 
Safety Bureau (PFSB), the Japanese equivalent 
to the FDA, demand potency assays for product 
release. Although guidance for the development 
of appropriate assays is provided by regulatory 
authorities and scientific societies, e.g. 
International Society for Cell and Gene therapy 
(ISCT), it can still represent a major hurdle for 
most developers, especially when challenged to 
provide a potency assay associated to a MoA that 
is not necessarily completely understood [15, 
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16]. In all cases, a justification of the potency 
assay must be documented and approved by the 
regulatory authorities. Fortunately, competent 
authorities offer scientific advice to specifically 
address issues and concerns on the quality of new 
medicinal product.

3.3.1  EMA Regulatory 
Requirements

It is strongly recommended that the development 
of a suitable potency assay is started as soon as 
possible in the product development programme 
[17]. According to the EMA regulations, a suit-
able potency assay needs to be in place already 
when the material for the First in Human (FIH) 
clinical trial is produced and it should be vali-
dated prior to phase III clinical trials, unless oth-
erwise justified [18]. At early stages of 
development, the absence of quantitative limits 
for biological activity may be acceptable and sur-
rogate potency markers can be considered for 
release tests but such circumstances need to be 
appropriately justified. In line with current Good 
Manufacturing Practice (cGMP) requirements 
applicable to ATMP, a certain level of flexibility 
is recognised, so that the manufacturer can imple-
ment the measures that are most appropriate to 
the unique characteristics of the manufacturing 
process and of the product [19]. Indeed, knowl-
edge about the product’s attributes, particularly 
its potency, evolves together with the procedures 
used in the product development programme and 
this often involves adjustment of the manufactur-
ing process as improved data becomes available.

In the case of gene therapy products, the 
intended gene edition should be demonstrated 
and the potency assay should cover: (a) the effi-
ciency of gene edition, (b) the level and stability 
of expression of the therapeutic sequence or its 
direct activity or deletion and (c) a measure of the 
resulting functional activity, where possible.

Specifications must be relevant for the perfor-
mance of the medicinal product and the accep-
tance criteria for each of the CQA must be based 
on sound scientific knowledge supported by 
available information specific to the candidate 
medicine, the batches used in non-clinical and/or 

clinical studies and data from stability studies, 
taking into account the methods used for their 
control. It is acknowledged that during early clin-
ical development there is limited experience and 
therefore the acceptance criteria may be broadly 
defined. Further refinement is expected by the 
competent regulatory authority as knowledge 
increases and data become available. When the 
scarcity of materials or their very short shelf-life 
limit the possibilities for release controls, a rein-
forced process validation may help to compen-
sate this situation (e.g. potency testing or 
proliferation assays may be performed after batch 
release) [18].

3.3.2  FDA Regulatory Requirements

According to the American FDA, all licensed 
product shall meet the standards applicable in all 
tests for potency, sterility, purity and identity 
[20]. Although specific potency tests are 
addressed to each specific product, all of them 
must comply with applicable biologics and 
cGMP regulations as listed below:

• Indicate potency (biological activity/activi-
ties) specific to the product

• Provide test results for product release
• Provide quantitative data
• Meet pre-defined acceptance and/or rejection 

criteria
• Include appropriate reference materials, stan-

dards, and/or controls
• Establish and document the accuracy, sensi-

tivity, specificity and reproducibility of the 
test methods employed through validation

• Measure identity and strength (activity) of all 
active ingredients

• Provide data to establish dating periods
• Meet labelling requirements

3.3.3  Japanese FDA Regulatory 
Requirements

In Japan, the Ministry of Health, Labour and 
Welfare (MHLW) is in charge of pharmaceutical 
regulatory affairs. The Pharmaceuticals and 
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Medical Devices Agency (PMDA) reviews appli-
cations for drugs, medical devices, and regenera-
tive medicines, and prepares review reports, 
whereas MHLW grants marketing authorisation 
[21]. All new drug/regenerative medical product 
applications are submitted to the PMDA. For the 
development of new drugs, sufficient data must be 
gathered on quality, efficacy and safety of new 
drugs, in both non-clinical and clinical studies. 
The Japanese authorities have always put the 
emphasis on safety and quality issues, rather than 
efficacy. Remarkably, the pharmaceutical industry 
in general has been presented as breeding distrust 
in Japan, following a number of scandals in the 
past [22]. This changed dramatically with the dis-
covery of induced Pluripotent Stem Cells (iPSC) 
by Prof. Shinya Yamanaka [23], leading to deregu-
lation and conditional approval of innovative drugs 
for regenerative medicine [24, 25]. Several guide-
lines are available in Japan covering all aspects of 
quality compliance, from Good Tissue Practice 
(GTP) and product evaluation, to cGMP and 
Quality Management Systems (QMS) [26].

3.4  Development of Potency 
Assays

ATMP are unique drug entities composed of or 
derived from living cells as principle active ingre-
dient [3, 27]. Apart from activation, expansion or 
other type of substantial manipulations, cells can 
be genetically edited or combined with scaffolds 
to shape complex 3D structures before implanta-
tion in patients [28]. In this context, the charac-
terisation of such type of products is challenging, 
since they result from specific manufacturing 
processes that impact on their identity, purity and 
potency [29]. Multipotent Mesenchymal Stromal 
Cells (MSC) represent a good example of this 
[30]. Despite existing recommendations from the 
International Society for Cell and Gene Therapy 
(ISCT) [31, 32], developers may adapt the rec-
ommendations to their own products and intended 
application making it difficult to comprehend 
whether MSC from different laboratories are 
actually equivalent [33]. This in turn can compro-
mise the relevance of systematic reviews and 

meta-analysis searching for efficacy of treat-
ments [30, 34]. In this context, potency assess-
ment may contribute to a better understanding of 
the pharmaceutical activity of such products, if 
standardised assays are implemented in different 
labs or if a centralised quality control (QC) labo-
ratory can verify the reported potency of batches 
of cells produced elsewhere. However, this 
requires proper definition of the potency assay- 
specific target involved in the clinical indication 
according to the expected MoA.  Ultimately, 
ATMP are complex, can present donor- variability, 
and can display more than one MoA.  Frequent 
challenges faced in the development of potency 
assays for cell and gene therapy products are 
listed in Table 3.1.

3.4.1  Use of Surrogate Markers

When a suitable potency assay is not feasible or 
not sufficiently reliable, it may be necessary to 
identify a surrogate measurement of biological 
activity related to its specific ability to effect a 
clinical result [35]. This is independent of further 
improvements on existing potency assays, which 
can be modified and adapted with the develop-
ment of the product and the scientific progress. 
Of note, developers can receive guidance from 
the competent regulatory authority to establish an 
acceptable potency assay using surrogate 
markers.

Surrogate markers must correlate to in  vivo 
potency models. In the case of secreted factors, 
for instance, it is important to consider whether 
the biological effect is caused by a combination 
of factors rather than by a sole molecule [36]. 
Accordingly, some authors have proposed to 
identify multiple factors that may assist in pre-
dicting the therapeutic capacity of cell-based 
products before clinical transplantation (e.g. 
donor-dependency, gene expression profile, sec-
retome) in a scorecard format that may comple-
ment deficient potency assays or even become a 
potency test itself [37–39]. It is believed that the 
combination of multiple parameters may assist to 
ensure minimal quality requirements for clinical 
use [40, 41].
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Table 3.1 Challenges in the design of potency assays

Challenges Examples
Inherent variability of 
starting materials

Autologous and allogeneic 
donor variability
Cell line heterogeneity
Error-prone replicating 
viruses

Limited batch size 
and limited material 
for testing

Single dose therapy using 
autologous cells suspended in 
a small volume

Limited stability Viability of cellular products

Lack of appropriate 
reference standards

Autologous cellular material
Novel gene therapy vectors

Multiple active 
ingredients

Multiple cell lines combined 
in final product
Heterogeneous mixtures of 
peptide pulsed tumour and/or 
immune-modulatory cells
Multiple vectors used in 
combination

The potential for 
interference or 
synergy between 
active ingredients

Multiple genes expressed by 
the same vector
Multiple cell types present in 
cell preparations

Complex mechanism 
of action(s)

Multiple potential effector 
functions of cells
Multiple steps required for 
function such as infection, 
integration, and expression of 
a transgene
Vector containing multiple 
genes

In vivo fate of 
product

Migration from site of 
administration
Cellular differentiation into 
the desired cell type
Viral or cellular replication
Viral vector infection, 
uncoating, and transgene 
expression

It is noteworthy that certain potency assays are 
time-consuming and can become a hurdle if used 
as release criteria. Therefore, for such cases, the 
regulatory agencies may accept a surrogate 
potency biomarker for product release,  particularly 
for fresh products and if adequately validated. For 
instance, in a recent study, Thej and collaborators 
evaluated the in  vitro angiogenic potency of 
Stempeucel®, which is an allogeneic product 

resulting from pooling human bone marrow- 
derived MSC used in critical limb ischaemia (CLI) 
patients [42]. Remarkably, a single angiogenic 
factor (VEGF) qualified as a surrogate potency 
marker through three in vitro functional assays to 
determine the angiogenic potency of Stempeucel®. 
Similarly, biological function may be based on 
either paracrine activity, e.g. use of apoptotic MSC 
in the management of GvHD [43], or cell- 
autonomous functions, as in the case of gene 
edited CD34 hematopoietic stem cells in Fanconi 
Anemia [44]. In all cases, adequate justification is 
needed and the assays should be revised regularly 
to revalidate their suitability.

3.4.2  Autologous and Allogeneic 
Products

At the earliest stage of designing potency tests, 
it is important to consider the nature of the 
ATMP under development and the formulation 
of the final product. Clearly, a fresh autologous 
product has different considerations in compar-
ison to situations employing large batches of 
multiple-dose cryopreserved products for allo-
geneic use [30]. According to the situation, 
product release timing may be incompatible 
with the time required for the potency assay. 
Nonetheless, most regulatory authorities would 
accept assays performed post- administration in 
the patient, particularly in early phase clinical 
trials, if adequately justified and documented 
(Table  3.2). This information would certainly 
contribute to a better understanding of the 
ATMP under development.

When routine release testing is limited or not 
possible, the evaluation of process robustness 
through in-process controls (IPC) becomes more 
important in lieu of batch testing. This is com-
patible with the concept of Quality by Design 
(QbD) that quality of products can be planned 
and successfully achieved if processes involved 
are properly designed and developed [1]. 
Although release criteria may consider the per-
formance of multiple tests, cumulative data gath-
ered along the production process can support 
the decisions for product release (Table 3.3). For 
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Table 3.2 Summary of principal characteristics of 
ATMP according to their sourcing and use and consider-
ations in the design of suitable potency assays

Characteristics of ATMP Considerations on 
potency assaysAutologous Allogeneic

Immune 
compatibility

Non−/partial 
compatibility

Test system must 
take into 
consideration 
potential 
rejection of drug 
product

Time- 
consuming, 
not ready to 
use

If cryopreserved, 
ready-to-use

Assays must be 
fast for timely 
release of 
autologous 
products

One donor, 
one patient

Possibility to 
generate 
multiple doses 
from one single 
donor

Limited sample 
volume in 
autologous 
products. Need to 
define convenient 
sampling in 
multiple dose 
batches

QC need to be 
run 
immediately 
upon 
preparation
(if fresh)

Products can be 
quarantined until 
QC results
(if 
cryopreserved)

Time constraints 
for product 
release in fresh 
autologous 
products

Table 3.3 Potency testing at the release of fresh and 
cryopreserve products

Fresh product Cryopreserved product
Limited QC panels for 
timely conditional 
release
Reliance on surrogate 
markers
Potency tests to be 
performed after 
treatment

QC performed on control 
samples from each batch, not 
on all vials
Product release only when all 
tests result within 
specifications

instance, the MSC immunopotency assessment 
can involve the preparatory master and working 
cell banks in addition to the final DP [29, 45, 46].

3.4.3  Standardisation of Assays

The suitability of the analytical methods used in 
the characterisation of ATMP should be con-

firmed and preliminary acceptance limits defined 
(e.g. acceptance limits for the determined impu-
rity content). The parameters for performing 
qualification of the analytical methods include: 
specificity, linearity, range, accuracy, precision, 
quantitation and limit of detection, as appropri-
ate. Biological characterisation and potency 
assays are the most important parameters to per-
form comparability of ATMP on quality grounds 
[47]. Unfortunately, a lack of assay standardisa-
tion impedes further systematic reviews and 
meta-analysis aimed at a formal assessment of 
previous clinical research to derive robust con-
clusions on safety and efficacy of innovative 
therapies.

The reliability and robustness of results from 
potency assays need to be confirmed by including 
adequate controls with appropriate reference- 
standard reagents. For medicinal products, refer-
ence materials are normally utilised to ensure 
consistency between different batches but also to 
ensure the comparability of the product to be mar-
keted with that used in clinical studies and to pro-
vide a link between process development and 
commercial manufacturing. However, definition 
of such controls may be challenging. On appro-
priate control tests, some authors have proposed 
optimised reference samples serving as a ‘cell 
ruler’ to compare final batches [48]. Therefore, it 
is recommended to establish a reference batch as 
soon as possible. Clearly, this field is still under 
development and therefore it is important to high-
light a general lack of standardisation, yet to be 
attained.

Standardisation of potency assays is recog-
nised as a key objective but little agreement in the 
design of assays and lack of inter-laboratory vali-
dated reagents and protocols makes it difficult to 
achieve [49]. The ICH promotes discussion of 
scientific and technical aspects of pharmaceuti-
cals and has developed guidelines, working as a 
link between regulatory authorities and pharma-
ceutical industries. Moreover, scientific societies 
are also committed to provide guidance in the 
development of potency assays. This is the case 
of the ISCT that has published several white 
papers on this topic [15, 16, 50].
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3.4.4  Further Considerations

Initial proposals for potency assays in early 
stages of product development may probably be 
qualitative instead of quantitative (e.g. pass/fail). 
If this is the case, they should be accompanied by 
quantitative assays. For instance, the osteogenic 
potential of MSC may be assessed by their capac-
ity to become osteoblasts, typically characterised 
by in vitro assays such as alkaline phosphatase 
(ALP) activity or Alizarin Red Staining [7, 51]. 
However, these in vitro assays may not necessar-
ily correlate with the in vivo bone-forming poten-
tial [52]. Moreover, human MSC derived from 
different tissue sources behaved differently in 
standard osteogenic conditions and this may lead 
to confusing results (e.g. partial differentiation 
outcomes in Wharton’s jelly-derived MSC com-
pared to bone marrow-derived MSC) [7]. In vitro 
potency assay conditions are often insufficient to 
recreate the clinical condition and may not 
include other cell types that can be involved 
in vivo, or consider concomitant treatments that 
can potentially interact with the activity of the 
ATMP. In the same way, the assay may not reflect 
all relevant biological properties (e.g. miscalcula-
tion of the impact of the DP on other cell types) 
or be non-specific due to the presence of impuri-
ties. Moreover, biodistribution as well as dose 
and schedule of the candidate medicine may 
greatly differ from the situation found in preclini-
cal studies and therefore further efforts must be 
undergone to track ATMP in the patient [53, 54]. 
Of note, differences in engraftment, differentia-
tion, persistence and immunogenicity between 
animals and humans may limit the predictive 
value of non-clinical dose-finding studies, as in 
the case of, e.g. genetically modified CD34 posi-
tive cells for treatment of severe immune defi-
ciencies [47].

3.5  The Quality Target Product 
Profile

The target product profile (TPP) is a strategic doc-
ument that summarises the key characteristics of a 
candidate medicine from multiple stakeholder per-
spectives [55]. The definition of a TPP according 

to the target-disease health requirements and user 
needs should drive the design of fundamental DP 
aspects such as stability requirements or logistics 
for product release and delivery to the patient. A 
deeper functional understanding of the DP results 
in improved convenience to the patients and regu-
latory compliance, improving focus on the unique 
CQA of the product under development. 
Furthermore, instituting the TPP will help achieve 
an integrated approach to product and process 
development contributing to clinical and commer-
cial success [56].

The TPP is a dynamic, evolving, written docu-
ment that organises all relevant information from 
multiple perspectives (i.e. medical, market, pro-
duction, regulatory) in practice a focal compass 
reading for the entire duration of the product 
development programme. In addition to having a 
comprehensive TPP, it is encouraged to define in 
detail a Quality Target Product Profile (QTPP) of 
the cell- and/or gene-based medicine under 
development [56]. QTPP is defined as ‘a prospec-
tive summary of the quality characteristics of a 
drug product that ideally will be achieved to 
ensure the desired quality, taking into account 
safety and efficacy of the drug product’ [1].

The implementation of QbD concepts in the 
production process of ATMP and a properly 
defined QTTP based on sound science and qual-
ity risk management are tools to avoid variability 
in CQA [1]. Notably, CQA are defined based on 
the severity of harm to a patient (either safety or 
efficacy) resulting from failure to meet that qual-
ity attribute.

3.6  Final Remarks

Potency refers to what a cell-based medicine can 
do rather than what cells look like, provided that 
identity is only one attribute of the candidate med-
icine that, in most cases, does not preclude its bio-
logical functionality in the clinical setting. Rapid 
scientific advances bring new technologies to 
assess the properties of ATMP and may offer 
means for a better understanding of biological pro-
cesses involved in the functionality of the new 
generation of cell and gene-based medicines. 
Miniaturisation of complex cell and tissue systems 
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by means of 3D printing and organoid technolo-
gies are emerging trends that hold the potential to 
revolutionise the medicine of tomorrow.
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4Identifying Biomarkers 
for Osteogenic Potency Assay 
Development

Jorge S. Burns  and Moustapha Kassem

4.1  Skeletal Stem Cell 
for Conservative Bone 
Healing

The landmark demonstration that it was possible 
to transplant whole bone marrow tissue pieces 
autologously to extramedullary sites [51] and 
histologically observe reticular and spindle 
shaped cells with a developmental capacity that 
showed distinct morphological features of osteo-
clastic and osteoblastic elements [147], paved the 
way for an extensive exploration of how cells 
may serve as advanced therapy medicinal prod-
ucts to treat skeletal pathologies. The early spec-
ulation that osteoblasts and osteoclasts, the 
principal cell types responsible for bone remod-
elling, might be derived from a common osteo-
progenitor cell was refuted by experiments 
showing that instead, osteoclasts were a product 
of the mononuclear phagocyte system with no 
evidence for a common stem cell that could give 

rise to both [104]. Regarding osteoblast progeni-
tors, pioneering experiments by Friedenstein 
et al. [3] characterised the rare bone marrow sub- 
population of plastic-adherent cells that could 
proliferate to form single cell derived colonies 
consisting of fibroblastoid cells, termed colony- 
forming unit-fibroblasts (CFU-F). Notably, these 
cells could differentiate to aggregates resembling 
small areas of bone or cartilage [105], leading to 
an eventual definition as multipotent stromal 
cells (MSC) that could differentiate into osteo-
blasts, chondrocytes and adipocytes. Solid exper-
imental evidence based on the use of in  vivo 
transplantation assays substantiated the proposed 
differentiation potential [50] and this included 
the capacity for human bone marrow derived 
MSC to support haematopoiesis in culture [92] 
and long-term haematopoietic stem cell engraft-
ment in vivo [1]. Most significantly, autologous 
human bone marrow derived osteoprogenitor 
cells could be isolated for ex vivo expansion and 
subsequently implanted with a hydroxyapatite 
scaffold at a large bone defect site, leading to 
favourable radiographic evidence of abundant 
callus formation indicative of accelerated healing 
[111]. This spurred excitement that cell-based 
tissue engineering approaches could be used to 
treat patients, yet the complexity of MSC biology 
and bone formation has made the routine realisa-
tion of this objective a most challenging quest.

Conceptualisations and assumptions have pre-
ceded scientific discovery, yet compliance with 
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the Hippocratic oath of doing no harm requires 
bridging a significant knowledge gap between 
demonstrations of feasibility and establishment 
of a rational and validated stem cell therapeutic 
approach. Ironically, research approaches have to 
some extent contributed to a confusion that risked 
undermining expectations and safe practice [80, 
133]. Raising concern [16], the reality of a bone 
marrow CFU-F as the putative progenitor cell of 
skeletal tissues was misconceptually extrapolated 
to the idea that such cells may represent stem 
cells for ‘mesenchymal’ tissues in general, to be 
found broadly in postnatal tissues [24]. Lapse use 
of the term ‘mesenchymal stem cell’ contradicts 
what is known about cell lineages from develop-
mental biology, yet readily arose because ex vivo 
assessment of the cellular phenotype does not 
have the same stringency as tissue specific dif-
ferentiation. The popular terminology ‘MSC’ 
[92] was maintained by having ‘multipotent stro-
mal’ replace ‘mesenchymal stem’ preserving the 
acronym’s semantic continuity, yet perhaps not 
avoiding confusion. The extent to which there 
can be genuine commonality between ‘MSC’ 
sourced from various tissues remains a long- 
debated topic [4, 68]. Apropos  osteogenic 
potency, avoidance of the term mesenchymal and 
conservative use of the term multipotent stromal 
cells or skeletal stem cells (SSC) is advised [17]. 
More specific terms and acronyms such human 
Bone Marrow Stromal Cell (hBMSC), human 
Bone Marrow Multipotent Stromal Cell (hBM- 
MSC), Adipose Derived Stem Cell (ADSC) or 
human Adipose Derived Multipotent Stromal 
Cells (AD-MSC) can help avoid confusion 
between similar ‘MSC’ stromal cells derived 
from different tissues or species. These alterna-
tively sourced cells may exert different therapeu-
tic effects or introduce different responses [148], 
diminishing predictability of their usefulness in 
the context of bone healing [117].

The most straightforward concept is that bone 
marrow stroma includes self-renewing, multipo-
tent progenitors termed SSC that give rise to skel-
etal lineages (bone, cartilage, fibroblasts and 

potentially marrow adipocytes) [70]. This reser-
voir of bone-forming cells is dedicated to bone 
growth during development and bone remodel-
ling in the adult where they regulate the differen-
tiation of bone-resorbing osteoclasts and maintain 
the haemopoietic microenvironment necessary 
for blood cell maturation and growth. The con-
servative principle of osteogenic regenerative 
medicine is that these cells can be isolated from 
the bone marrow, expanded to a critical therapeu-
tic dose ex vivo and then re-introduced into the 
patient at a site requiring bone fracture healing to 
accelerate the process of new bone formation. 
This was a primary concept, but now there is 
scope for considering skeletal stem cells, or even 
umbilical cord MSC [162] as a ‘humoral fac-
tory’, releasing regeneration-stimulating factors 
that in turn benefit from a more multifaceted 
approach for estimating ‘cell potency’ [31, 162].

4.2  The Challenge of hBM-MSC 
Donor-Specific 
Heterogeneity

Skeletal stem cells, may themselves be further 
refined to have specific cell subsets with dedicated 
functions, since the ordered development of carti-
lage, bone, stroma and marrow adipocytes occurs 
at different times and via different embryonic lin-
eages. Facial bones are derived from neural crest 
ectoderm, the axial skeleton has derivation from 
paraxial mesoderm and the limb skeleton is formed 
from lateral plate mesodermal cells [102]. Murine 
models allowing cell fate tracking suggest that 
metaphysis and diaphysis bone-forming osteoblast 
lineage cells are fundamentally distinct [134]. 
Much of what is known about the cellular and 
molecular basis of skeletal development comes 
from the study of human bone disorders [135] and 
animal models [25], but for the purposes of an 
osteogenic potency assay, one needs to understand 
how osteogenic biomarkers or genetic signatures 
in a cell culture context retain relevance for osteo-
genic behaviour in vivo.
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Isolation of skeletal progenitor cells, esti-
mated to comprise only 0.01% of the mononu-
clear cells in the bone marrow, is complicated by 
the lack of any robust biomarkers unique to skel-
etal stem cells that would allow convenient 
prompt isolation from bone marrow tissue. 
Nonetheless, seeking to harmonise the situation, 
a minimal set of criteria for defining multipotent 
mesenchymal stromal cells (MSC) was derived, 
whereby the cells should be plastic-adherent 
under standard culture conditions and express 
Cluster of Differentiation (CD) surface antigens 
CD73, CD90 CD105 but not CD11b, CD14, 
CD19, CD34, CD45, CD79α or Human 
Leukocyte Antigen – DR isotype (HLA-DR) sur-
face molecules. They should also be able to show 
multipotent differentiation to osteoblasts, adipo-
cytes and chondroblasts in vitro [36]. Although 
these represent sensitive MSC markers, they fail 
to be unique or specific as they are expressed by 
variety of cells and they cannot be used to predict 
the differentiation potential of the cells [74, 75, 
122]. These minimal criteria became very popu-
lar as a means of bringing greater uniformity 
when exchanging data between laboratories, yet 
since their description, cell culture conditions 
and descriptive features have changed to meet 
clinical grade circumstances, contributing to an 
evolved understanding of cell features [37]. 
Encouragingly, the multipotent differentiation 
potential persisted when fetal bovine serum 
(FBS) was replaced by serum-free formulations 
to comply with current good manufacturing prac-
tice (cGMP), requiring xeno-free medicinal 
products [46, 47]. Alternative culture methods 
have included 3D culture and use of hypoxic con-
ditions, devised to help preserve potency [63]. 
Variability among clinical trial outcomes pro-
moted calls for more detailed standards [145] 
including a well-characterised reference cell 
material for calibration and improved compara-
bility among different laboratories [154]. 
However, this remains a very challenging propo-
sition, given the need to show that such a refer-
ence material would function in an in  vivo 
therapeutic context.

Such calls for greater consistency were indic-
ative of the very challenging situation presented 
by primary culture of bone marrow derived skel-
etal stem cells. There can be considerable donor 
variation in the growth properties and dramatic 
differences in the expression levels of osteo-
genic genes when the cells were exposed to 
osteoinductive medium [109]. The heterogene-
ity in trilineage differentiation potential in bone 
marrow derived MSC was found to be more 
complex than presumed; the colony-forming 
efficiency of attached MSC preparations was 
about 50–60% and tripotent MSC accounted for 
about 50% of the colony-forming cells. The bio-
marker  CD146 showed greater mean fluores-
cence intensity in bipotent and tripotent CFU-F 
derived clones [114]. Multipotent (tripotent) 
CFU-F derived MSC were found to have signifi-
cantly higher proliferative potential than CFU-F 
that had a more restricted lineage commitment. 
Populations of MSC composed of pooled 
CFU-F represented a heterogenous mixture of 
cells with different lineage-commitments and 
proliferation rates [115]. Although these obser-
vations suggested a tripotent MSC may end up 
predominating the primary culture as cells are 
passaged, other factors influencing the cell phe-
notype need to also be considered. Compounding 
variability, cell culture seeding density influ-
enced the MSC metabolism [88] and expansion 
of primary MSC as monolayer cultures resulted 
in phenotypes that varied with cell doublings 
over time [11] with a dramatically decreased 
in vitro osteogenic potential as cells exited the 
cell cycle, reaching senescence [58, 140, 159]. 
This was consistent with a 36-fold reduced 
in vivo ectopic bone-forming potential in nude 
mice when using cells had been expanded to 
first confluence compared to using fresh bone 
marrow [10]. Clearly, the quest for finding bio-
markers suitable for osteogenic potency assays 
would be complicated by these many changing 
variables. Heterogeneity at multiple levels; the 
cell populations between individual donors 
[130], differences according to tissue source 
[161], between individual cells during culture 
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[156, 159] and according to cell metabolism 
[88]; collectively presenting numerous con-
founding factors for the practical application of 
cell-based osteogenic therapy [108].

4.3  Telomerised MSC; Scalable 
Clonal Populations 
with Consistent Bone- 
Forming Potential

Given the relatively large number of ex  vivo 
expanded BM-MSC required to repair bone frac-
tures in animal models and the limited culturable 
life-span of primary hBM-MSC, with progres-
sive loss of osteogenic potential after extensive 
propagation [76, 139], two independent research 
groups explored ectopic expression of human 
telomerase reverse transcriptase (hTERT) as a 
means of extending proliferative potential  in 
what were termed human bone marrow stromal 
cells (hMSC-TERT) [132] or human bone mar-
row stromal stem cells (BMSSC-Ts) [127]. Both 
research groups found that greatly enhanced 
ex  vivo cell expansion was accompanied by 
maintenance of an osteogenic stromal cell pool 
and when transplanted subcutaneously in immu-
nodeficient mice, hTERT transduced cells formed 
more bone than equivalent xenografts using pri-
mary hBM-MSC. While Shi et al. noted that the 
bone-forming capacity of their BMSSC-Ts 
decreased markedly after prolonged culture of 
over 80 population doublings, Simonsen et  al. 
observed excellent osteogenic potential even 
though their hMSC-TERT cells had undergone 
260 population doublings, a phenotype that may 
have involved serendipitous use of cells bearing a 
polymorphic biomarker glutathione S-transferase 
theta 1 (GSTT1) correlated with enhanced cultur-
ability [21, 121]. Most significantly, hMSC- 
TERT cells overcame critical technical barriers 
for molecular analysis and when grown at a 1:4 
passage ratio, generated cell populations termed 
hBMSC-TERT that could provide single-cell 
derived clones ideally suited for comparative 
analysis to derive biomarkers associated with 
bone-forming capacity [81] or for identifying 

genetic [113] or proteomic signatures [49, 77] 
(Fig. 4.1).

4.4  Comparative Analysis 
of Gene Expression, 
microRNA, Morphological 
Phenotypes and Cell 
Membrane or Secreted 
Proteins

Consistent with the requirements of a continuous 
bone remodeling process throughout life, osteo-
blast proliferation and differentiation are coupled 
events [136, 137]. Ex vivo stromal cell respon-
siveness to physiological chemical and physical 
mediators of osteoblast differentiation, have 
introduced a means of controllably guiding their 
fate decision [2, 29] towards osteogenic differen-
tiation via extracellular signals [131]. A sequen-
tial expression of cell-growth regulated genes 
and genes associated with progressive develop-
ment of the osteogenic phenotype was identified 
at both the level of transcription and mRNA sta-
bility [138]. Three principal steps of an osteo-
blast development sequence timeline could be 
described, namely, proliferation, matrix matura-
tion and mineralisation. Experimentally estab-
lished transition points in the developing 
sequence included a completion of proliferation 
with upregulation of genes associated with extra-
cellular matrix synthesis and maturation involv-
ing upregulation of genes such as alkaline 
phosphatase that peaked before the onset of 
matrix mineralisation when osteopontin and 
osteocalcin mRNA levels reached their  peak. 
Diverse ways of modulating transcriptional con-
trol and the emergence of options for redundancy 
in signalling pathways support need for prompt 
physiological responsiveness, yet make identifi-
cation of appropriate potency assay biomarkers 
more challenging.

Notably, single-cell derived clones of hBMSC- 
TERT with markedly different bone forming 
capacity expanded as cell monolayers, provided a 
comparative research platform that indicated tra-
ditional osteoblastic biomarkers e.g., Alkaline 
phosphatase, collagen type I, osteopontin and 
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Fig. 4.1 Osteoblastic Models from telomerase immor-
talised human bone marrow stromal cells. (a) Cells har-
vested from the bone marrow of the iliac crest were placed 
in culture and (b) treated with retroviral vectors confer-
ring ectopic expression of the hTERT gene. (c) 
Consequently, immortalised hBMSC-TERT cells could 
be expanded in culture and osteogenically induced ex vivo 

with induction factors to express alizarin red and alkaline 
phosphatase. (d) Osteoconductive scaffold biomaterial 
combined with expanded cultures of hTERT transduced 
cells were (e) implanted subcutaneously in immune defi-
cient mice resulting in (f) histologically demonstrable 
bone formation after 8 weeks

Runx2 were not necessarily directly correlated 
with bone forming potential. Instead, significant 
correlation was found for enhanced gene expres-
sion of decorin, lysyl oxidase-like 4, natriuretic 
peptide receptor C and tetranectin [81], all genes 
associated with development of the osteogenic 
extracellular matrix [85] and its subsequent 
 mineralisation [66, 158]. In addition, hBMSC-
TERT grown as three-dimensional osteo-
spheroids and similarly compared for correlations 
with bone- forming potential, revealed that also 
for the ex vivo 3D context, genes for matrix pro-
teins served as good correlates for predicting 
in vivo bone forming potential. Quantification of 
collagen birefringence, a characteristic of osteo-
genic matrix maturation, measured using polar-
ised light in histochemically processed sections 
of 3D cultures treated with osteogenic medium 

for 2  weeks, was also found to correlate with 
bone formation, providing independent corrobo-
rative evidence to support the gene expression 
studies [22]. These studies highlighted that bio-
markers with correlations between ex  vivo and 
in  vivo contexts could be found, yet since the 
telomerised cells demonstrated an enhanced bone 
forming potential greater than that seen with pri-
mary cells, the relevance of these biomarkers for 
the context of clinical grade primary human 
BMSC remained to be determined. Nevertheless, 
the telomerised hBMSC model provided a 
uniquely powerful means of comparing appropri-
ately uniform populations of cells that differed in 
osteogenic potential, allowing extension to other 
measurement platforms. RNA sequencing exam-
ining skeletally-related genes across 8 time points 
between 0 to 12 days of ex vivo osteoblastic dif-
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ferentiation identified 123 genes with chronolog-
ically determined changes in expression. 
Early-stage differentiation genes, COL1A1, LOX 
and SERPINH1 peaked within the first 24 hours, 
middle stage differentiation genes with peak lev-
els of expression at 3 and 6 days included BMP4, 
CYP24A1 and TGFBR2, whereas genes with 
highest levels of expression at 9 and 12  days 
included BMP2 and IGF2. Other genes showed 
bimodal peaks of expression at days 0 and 12, 
including VEGFA, PDGFA and FGF2. Genes 
that discriminated hBMSC-TERT subclones 
selected on the basis of a high bone forming 
(HBF) or low bone forming (LBF) xenograft 
behaviour, with relatively high fold changes 
included ELN, COL1A1, BMP4, COL16A1, 
POSTN, SMAD6, TGFB2, ALPL, IL8 and CXCL2 
[152]. Not all of the potentially useful biomark-
ers obtained by this systematic and largely unbi-
ased genetic explorations of hBMSC-TERT 
clones have been fully explored for use in potency 
assays, but ALPL, COL1A2, DCN, ELN and 
RUNX2 provided a set of signature genes in 
potency assays using cGMP cultured primary 
hBM-MSC [100] and TGFB2 has also proved to 
be highly relevant [101].

Critical regulators of gene expression, 
microRNA (miRNA), help regulate osteogenesis 
[55, 82, 83, 86, 95] and are increasingly recog-
nised as highly influential non-coding RNA fam-
ily members that influence the outcomes of 
diverse biological processes including fracture 
healing [73]. The significant miRNA impact on 
osteoblastic differentiation has been demon-
strated using antimiR and miRNA overexpres-
sion in suitable target cells, exerting significant 
phenotypic effects, targeting genes very relevant 
to the process of osteoblast differentiation, e.g. 
miR-138 can inhibit osteoblastic differentiation, 
moreover functional inhibition of miR-138 can 
accelerate osteogenic differentiation of hBMSC 
ex vivo and increase bone formation in vivo [45] 
and a similar impact was demonstrated by miR- 
34a [27]. The notable pivotal aspect of hBMSC 
on the predominant commitment choice of osteo-
genic or adipogenic pathways, may also be influ-
enced by microRNA, e.g., miRNA-4739 [40]. 
Global microRNA profiling of hBMSC has iden-

tified 15 miRNAs, with miR-222 and miR-423 as 
among as most significant regulators of osteo-
blastogenesis [26]. Emphasis on changes occur-
ring during the transitional stages between cell 
proliferation, extracellular matrix maturation and 
its subsequent mineralisation, indicated that 
many of the miRNA changes occurred within the 
first 3 days after induction of osteogenic differen-
tiation. Thus, miRNA biomarkers may be partic-
ularly useful as early biomarkers to accelerate 
potency assay measurement.

Notably, the five potency assay signature 
genes identified from preclinical studies were 
shown by bioinformatic analysis of protein inter-
actions to have TGF-ß1 as a close functional part-
ner [100]. TGF-ß1 treatment of cells could 
enhance hBMSC-TERT differentiation by induc-
tion of genes in the skeletal and extracellular cat-
egories e.g. transgelin (TAGLN) [42], that 
together regulate the actin cytoskeleton [41]. In 
addition to influencing stromal cell differentia-
tion and commitment, the actin cytoskeletal con-
trol of the morphology and mechanical properties 
of the nucleus can play an important role in 
BMSC migration [87], cellular mobilisation 
being itself an important factor for recruitment to 
sites of injury and in vivo bone forming ability 
[6]. Collectively, these results implied that 
cytoskeletally- regulated morphological features 
of the cells may also be indicative of osteogenic 
potency. Indeed, nuclear morphology and geom-
etry of cultured primary hBM-MSC measured by 
a high-content imaging system with multivari-
able analysis demonstrated that nuclear geometry 
and texture could stably predict hBM-MSC dif-
ferentiation potential to osteoblasts or adipocytes 
[75]. Most pragmatically, analysis of native mor-
phological features of primary hBM-MSC cul-
tures, without treatment using osteoblastic 
inductive media, may contribute to effective early 
quality screening tests of hBM-MSC prior to 
clinical use (Fig. 4.2).

Prompt potency assay tests that minimally 
interfere with hBM-MSC cell expansion would 
be advantageous. Increased understanding of 
how secreted cell products influence hBM-MSC 
bone forming potential introduces prospects for 
monitoring novel biomarkers in cell supernatant 
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Fig. 4.2 Anti-miR-138 and Anti-miR-222 Increases 
Heterotrophic Bone Formation In Vivo. The hBMSC- 
TERT cells were transfected with 25  nM control, miR- 
138, miR-222, or miR-423 mimics or anti-miRs, seeded 
onto TCP/HA scaffolds, and transplanted into 8-week- old 
female NOD/SCID mice. Scaffolds and cells were stained 
with Haematoxylin and Eosin (H & E) 8  weeks post- 

implantation. Bone formation was quantified as the bone 
volume/total volume and normalised to their respective 
miRNA controls (n = 6 per treatment). (a) Representative 
images of H & E-stained scaffolds showing bone forma-
tion. (b) Quantified bone volume (% bone/total area). 
**p < 0.01 (Reprinted from Chang et al., 2018 [26])

during cell expansion [96]. For example, both 
secreted frizzled-related protein 1 (sFRP-1) and 
delta-like 1/fetal antigen 1 (Dlk1/FA1) exert reg-
ulatory effects on adipogenesis and osteoblast 
differentiation [2]. A link between telomerase 
expression and upregulated insulin-like growth 
factor (IGF-1) signaling, a secreted protein 
 showing reduced serum levels in telomerase defi-
cient (Terc-/-) transgenic mice of low bone mass, 

may also help explain the enhanced bone- forming 
potential of hBMSC-TERT cells [118]. The sec-
retome of hBMSC during osteoblastic differenti-
ation has been analysed by sensitive quantitative 
proteomic techniques and is certainly complex 
[77]. The hormone stanniocalcin 2 (STC2) has 
autocrine effects enhancing osteoblastic differen-
tiation and cell migration induced by hyaluronan 
binding protein (KIAA1199/CEMIP), a mobilis-
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ing factor interacting with Wnt-signaling that can 
induce changes in the actin skeleton [28] required 
for the important phenotype of cell migration to 
bone formation sites. Secreted factors act as cou-
pling factors for interaction with other cell types 
including osteoclasts and can reflect the broader 
metabolic status of the individual [157]. In this 
respect they may provide excellent additional 
information about host status when performing 
the potency assay for autologous cell therapy; at 
the same time this highlights the challenging 
complexity for an ex vivo potency assay to have 
in vivo relevance. A secreted protein that is also 
found on the cell surface that may be useful for 

BM-MSC characterisation is Meflin, expressed 
by hBM-MSC in their undifferentiated state and 
downregulated upon their differentiation. 
Notably, Meflin is found on stromal cells distrib-
uted throughout the bone marrow and on peri-
cytes and perivascular cells in various organs 
[91]. It is absent in epithelial, endothelial and 
smooth muscle cells, and my serve as a poten-
tially useful marker for cultured hMSC, although 
to what extent it correlates directly with the 
osteogenic potency of cGMP cultured cells for 
therapeutic purposes has yet to be determined. 
Detection of Meflin on pericytes and perivascular 
cells of various organs, agrees with early descrip-

Fig. 4.3 Impaired TGFβ signalling in hBMSC−Bone 
cells. (a) Pie chart illustrating the distribution of the top 10 
KEGG pathways in the down-regulated genes. The pie 
size corresponds to the number of matched entities. List of 
TGFβ-responsive genes, which were differentially 
expressed in hBMSC−Bone vs. hBMSC+Bone as 
revealed by whole genome microarray profiling is shown. 
(b) qRT-PCR validation for the expression of a panel of 
TGFβ responsive genes (TAGLN, ACTA2, TPM1, and 
SERPINB2) in hBMSC−Bone compared to hBMSC+Bone 

cells. Expression of each target gene was normalised to 
GAPDH. Data is shown as the mean ± SD from three 
independent experiments, ***p  <  0.0005. (c) Western 
blotting for P-SMAD2  in hBMSC−Bone compared to 
hBMSC+Bone cells (upper panel), whereas B-Actin 
(ACTB, lower panel) was used as a loading control. 
Phosphorylation of SMAD2 is also shown during the 
osteogenic and adipogenic differentiation of both cell 
lines (Reprinted from Elsafadi et al., [43]).
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tions for the in situ identity of archetypal MSC in 
the bone marrow [15], but pericytes do not form 
a discrete lineage [67] and this observation 
should not encourage an anatomical-based cre-
dence that MSC are ubiquitous functionally 
equivalent cells throughout the body [14] 
(Fig. 4.3).

A cell surface membrane biomarker that has 
been rigorously tested as pertaining to MSC, 
emerging to be useful for prospective characteri-
sation with regard to therapeutic efficacy is 
melanoma- associated cell adhesion molecule 
CD146/MCAM [129]. More stably expressed 
when cultured MSC were fed serum-free platelet 
lysate rather than fetal bovine serum [99], CD146 
has been found to be present in stromal cell popu-
lations derived from adipose tissue vascular frac-
tions [9] and in what were termed mesenchymal 
stem-like cells from human endometrium [124]. 
The anatomical distribution of CD146+ stromal 
cells in situ correlated with observations that 
CD146 expression can be elevated in normoxia 
and downregulated in hypoxia [151]. In bone 
marrow derived stromal cells, the most salient 
feature of CD146+ osteoprogenitor cells was a 
clonal self-renewal and a capacity to form bone at 

heterotopic sites with the more stringent quality 
of supporting a hematopoietic environment upon 
cell transplantation to heterotopic sites. In con-
trast CD146− stromal cells could generate osteo-
blasts and bone in  vivo, but were unable to 
establish a sinusoidal system and establish a 
hematopoietic environment [116]. The enhanced 
functionalities of CD146+ cells include trans- 
endothelial migration and recruitment to bone 
surfaces, whereupon committed osteoblastic 
cells on active bone-forming surfaces were 
CD146− [60]. CD146+ hBM-MSC showed higher 
secretory capacity, plus immunomodulatory and 
anti-inflammatory protein production in compar-
ison to CD146− counterparts, properties consis-
tent with a greater therapeutic potency [18]. An 
elevated fraction of CD146+ hBMSC contributed 
to a clinical signature predicting osteogenic 
potency [74] and CD146+ dental pulp derived 
hDP-MSC were also deemed to have good thera-
peutic potency [90] (Fig. 4.4).

Paracrine activity is increasingly appreciated 
to be a principal mediator of pathological pro-
cesses [7, 125]. Extracellular vesicles (EV) are 
key components of the mineralisation [32] and 
regenerative processes [150], recognised as 

Fig. 4.4 Model for osteoblast and adipocyte differentia-
tion. The model illustrates the action of a group of tran-
scription factors that are present in stem cells and are 
pivotal for osteoblast differentiation, thereby controlling 
the balance between osteoblast and adipocyte differentia-
tion. These osteogenic stem cell factors are implicated in 
transcriptional control of both stem cell genes and genes 
that are activated upon osteogenic differentiation. In con-
trast, adipogenic stimulation decreases the activity of the 

osteogenic stem cell factors, leading to downregulation of 
stem cell genes during adipocyte differentiation. In this 
case, inactivation of stem cell genes represents an impor-
tant part of the remodelling of the transcriptional networks 
during adipocyte differentiation. Of note, adipocyte dif-
ferentiation in particular is dependent on de novo activa-
tion of transcription factors that are not expressed in 
undifferentiated stem cells. (Reprinted from Rauch et al., 
[113]).
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mediators for the therapeutic activity of hBMSC 
[33, 103]. Whether a cell-free secretome-based 
therapeutic modality may complement cell-based 
approaches [23] and supplant use of hBMSC is a 
debated future perspective [39, 89, 94]. 
Advantageously, EV may more readily help with 
epigenetic preconditioning or reprogramming 
[84, 93] yet for potency tests the challenge 
remains to improve upon the characterisation and 
classification of EV [160], measure the key com-
ponents responsible for the intended biological 
activity and determine how to enhance manufac-
turing efficiency and consistency [53].

4.5  Compelling Pathways 
for Functional Attributes 
in Osteogenic Potency 
Assays

A number of confounding factors have made 
exploration of the key functional pathways to be 
measured in potency assays for osteoblastic 
ATMP particularly difficult.

Studies of primary hBMSC from individual 
donors have demonstrated cell product functional 
heterogeneity can reflect different procurement 
methods, donor age, gender, in vitro replicative 
senescence, details of in  vitro manufacture 
approaches and measurement technologies. Key 
signaling pathways necessary for cell function 
are nonetheless emerging and there is growing 
evidence that some congruence between in vivo 
and ex vivo contexts can be found. It may be pru-
dent to not limit the potency assay approach to 
ex vivo assays, but to adopt a more comprehen-
sive approach considering the possibility for pre- 
emptive screening of the donors undergoing 
surgery for bone fracture, given that a growing 
number of indicative biomarkers can now be 
brought into consideration. Signature character-
istics that may be positively correlated with clini-
cal efficacy include donor sex (male), absence of 
any pre-diagnosed osteoporosis, intake of vita-
min D supplements and a higher fraction of 
CD146+ and ALPL+ cells [74]. Thus, selection 
of donors for bone regeneration clinical trials 
may be guided by prospectively testable relevant 

variables, favouring prudent choices to maximise 
the likelihood of a successful therapeutic 
outcome.

Returning to quantitively relevant measure-
ments that may be performed on the cGMP cul-
tured cells being expanded to a clinical dose, the 
powerful approach of global direct comparison of 
hBMSC cell lines showing consistently different 
bone forming potential, highlighted the signifi-
cance of microRNA regulation [143] and TGF-ß 
plus BMP signaling for regulating hBMSC lin-
eage commitment and differentiation [43]. These 
observations have been broadly confirmed to be 
of clinical relevance [38, 142]. Wnt (Wingless- 
related integration site) signaling pathways that 
pass signals via Wnt-protein ligand acting on cell 
surface Frizzled family receptors are crucial to 
bone formation. High or low bone mass abnor-
malities can result from mutations in a large fam-
ily of proteins constituting either canonical 
Wnt-ß-catenin or non-canonical Wnt-planar cell 
polarity or Wnt-calcium pathways [12]. Both 
non-canonical Wnt3a [110] and canonical Wnt7a 
protein signals [163] are integrated in the differ-
entiation commitment of hBMSC to favour 
osteoblasts as opposed to adipocytes.

Wnt signaling can be influenced by mechano-
responsive mechanisms involved in exercise- 
stimulated skeletal integrity [30]. Additional key 
players in the molecular mechanisms underlying 
bone fracture healing include Connexin-43 
(Cx43) gap junction protein dependent signaling 
pathways, plus a signaling axis involving mem-
brane anchored metalloproteinase (MT1-MMP), 
Yes associated protein (YAP) and transcriptional 
co-activator with PDZ binding motif (TAZ) that 
galvanises osteoblastic commitment [146] and 
promotes osteoblast precursor expansion [71]. 
The small GTPase protein Ras homolog family 
member A (RhoA) and its effector Rho-associated 
coiled-coil kinase (ROCK), also responsive to 
mechanical stimuli and extracellular matrix cues, 
can antagonise Wnt/ß-catenin signaling [128]. 
RhoA loss of function in preosteoblasts and inhi-
bition of ROCK signaling can increase osteoblast 
differentiation and bone formation in a 
topography- related manner [141]. Responsive to 
numerous stimulatory cues, hBMSC lineage 
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commitment is a complex process, involving a 
complex set of signaling cascades with two dis-
tinct waves of phosphoproteomic signalling [13]. 
The TAM family of receptor tyrosine kinases, 
including TYRO3 and MERTK trigger phosphor-
ylation and activation of multiple downstream 
signalling proteins and represent potent positive 
and negative regulators of bone homeostasis, 
whereby blockade of MERTK function has 
osteoanabolic consequences [44].

Despite extensive insights into the molecular 
mechanisms mentioned above and known 
involvement of Notch, Hedgehog and NELL 
pathways and their crosstalk with hormone sig-
naling networks [149], the challenge to develop-
ment of a potency assay concerns the 
convenience and relevance with which a param-
eter responsible for a functional attribute can be 
measured. The cells in question are exquisitely 
responsive to their contextual microenviron-
ment and with limitations for fully reproducing 
the fracture site context ex  vivo, it is under-
standable that derivation of osteogenic potency 
assays has not been straightforward. Many of 
the molecular regulators act at the transcrip-
tional level, where relatively small-fold changes 
in expression may be significant, but challeng-
ing to measure with predictive precision in the 
real-world context of a heterogeneous popula-
tion of primary hBMSC undergoing expansion 
under cGMP culture conditions. Nonetheless, a 
subset of gene expression markers in monolayer 
cultures of hBMSC lines were found to be well 
correlated with an in-vivo bone forming pheno-
type, prominently, genes involved in extracellu-
lar matrix regulation [81]. Of these, decorin 
(DCN)  expression serves as an informative 
example, although it may be considered to have 
some counterintuitive aspects regarding its 
choice as a useful biomarker for functional attri-
butes in osteogenic potency assays.

Decorin was named from its ability to bind and 
‘decorate’ collagen fibrils, a property shared by 
other Small Leucine Rich Proteoglycans (SLRPs) 
involved in matrix maturation, yet only decorin 
could faithfully recapitulate the native organisation 
of type I collagen in  vitro, organising collagen 

fibrils into fibers compact enough to mimic the 
superfibrillar organisation of natural tissues [112]. 
Decorin gene expression was consistently upregu-
lated to a significant extent upon osteogenic induc-
tion of hBM-MSC  despite  different contexts; (i) 
when hBMSC-TERT cells were cultured as 3D 
osteospheroids [22], (ii) in primary hBM-MSC cul-
tured in either Fetal Bovine Serum or Platelet lysate 
[100] and (iii) when the primary hBM-MSC were 
tested in another laboratory using different batches 
of growth medium and a different osteoinduction 
medium formulation [101]. Thus, decorin repre-
sents a biomarker that could qualify as being 
‘robustly expressed’ across different cell expansion 
platforms. The fold-change in hBMSC- TERT DCN 
mRNA expression was >3-fold for monolayer cul-
tures or >2-fold for 3D cultures osteogenically 
induced in FBS containing medium. For monolayer 
cultures of primary hBM-MSC grown with platelet 
lysate instead of FBS, the DCN- specific transcript 
expression typically increased 20 to 30-fold after 
just 1 week of osteogenic induction and this was 
reproducible despite use of alternative osteogenic 
induction agents across different laboratories [101]. 
Good for potency biosensing purposes, significant 
changes in decorin expression occurred early in the 
induced transition from precursor cell to osteoblast 
[34, 35, 65, 97, 98, 155]. Beyond influencing colla-
gen fibril organisation, preventing aberrant prema-
ture osteoid mineralisation, decorin is likely to have 
an important role in blocking excess TGF-ß signal-
ing from inhibiting osteoblast maturation [19]. 
Although TGF-ß1 is required for optimal bone for-
mation [19, 20, 52, 61, 144, 164], high doses of 
TGF-ß1 could suppress mineralisation in an ortho-
topic implant model [20]. Decorin can interact 
directly with all three TGF-ß protein isoforms [62, 
72]. When immobilised on collagen fibrils, decorin 
could antagonise TGF-ß1 mediated stimulation of 
collagen gel retraction and biglycan induction, pre-
sumably by sequestering TGF-ß1 in the extracellu-
lar matrix [165] With a specific leucin- rich collagen 
binding region [69] the periodic binding pattern of 
decorin on collagen may lead to multiple interaction 
patterns in  vivo [112], nonetheless it provides an 
elegant stoichiometric means of coupling the inten-
sity of TGF-ß signalling pathways to the physical 
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quantity of extracellular matrix produced and is 
likely to be deterministic in bone formation, a tissue 
in which physical density is directly related to func-
tional performance. As such, decorin constitutes an 
excellent osteogenic potency biomarker, a func-
tional attribute that is expressed at readily measur-
able levels, consistently expressed ex  vivo and 
in vivo.

4.6  Lessons Learned for Bone 
Repair ATMP Development

The striking demonstration of a cell-therapy 
based benefit for skeletal pathologies [111] has 
occurred decades before availability of any 
accredited cell therapy products, reflecting the 
complexity of bringing technologies to scale. 
From the outset a sophisticated level of under-
standing is needed to appreciate the dosing 
required and best methods of harvest, expansion 
and deployment of the therapeutic cells. In osteo-
genic therapy, overcoming complexity of the 
bone marrow to gain an understanding the role of 
stem cells in the identity, nature, origin and func-
tion of the differentiated progenitor cells has 
been an enormous accomplishment, still in prog-
ress, crucial for making the prospect of stem cell 
therapy possible. A five-year follow-up of a 
European multicentric clinical trial has confirmed 
safety and early efficacy in 80% of 21 cases of 
early femoral head osteonecrosis treated through 
minimally invasive surgical implantation of 
autologous hBM-MSC expanded from bone mar-
row under cGMP protocols [56]. This notably 
positive outcome invites further development and 
emphasis on provision of potency assays to dis-
criminate the most significant mechanism of 
action, whether the transplanted cells differenti-
ate into osteogenic cells or whether they modu-
late the healing process by their secreted factors.

Such therapy inevitably incurs relatively 
expensive procedures, encouraging consideration 
that wherever possible, it would be helpful to 
mitigate potency assay costs. This can involve 
alternative creative approaches to traditional 
methods. The use of exogenous osteogenic induc-
tion growth factors beyond those used to expand 

the cells in culture, required to perform some 
osteogenic potency assay tests, already intro-
duces additional need for quality and safety con-
trols for the relevant reagents. Noteworthy 
alternative differentiation methods include use of 
osteoinductive materials such as graphene oxide 
composites [78] or introduction of nano vibra-
tions [64] as procedures that can stimulate innate 
potent bioactive metabolites that specifically 
potentiate osteogenesis, without incurring the 
potential artefact of an arbitrarily derived ex vivo 
differentiation factor. Furthermore, experimental 
models have demonstrated that both siRNA [5] 
and microRNA [106] can be used to functionalise 
scaffolds to influence multilineage differentiation 
and accelerate bone regeneration, although 
potency assays that incorporate the contribution 
of scaffold dynamics are at an early stage of 
development. Notably, for the compromised cir-
cumstances found in large bone fractures, the cel-
lular component combined with the scaffold was 
significant for repair [79]. Additional approaches, 
exploring whether scaffolds can be engineered to 
encourage activation of endogenous cells to 
regenerate the appropriate skeletal tissue healing 
are under development [8].

Although there may be concerns that immor-
talised cell models fail to mimic cells directly 
obtained and cultured from the bone marrow, the 
telomerised hBM-MSC-TERT cells have proved 
extremely informative for identifying relevant 
biomarkers indicative of osteogenic potency. 
This likely reflects the extensive number of 
molecular phenotype similarities found when 
directly comparing primary and hBM-MSC- 
TERT cells [153]. The ability to test clonal deriv-
atives of different in vivo bone forming potential 
in a reproducible manner has allowed Omics- 
scale exploration of mRNA, microRNA and pro-
teins. The important deterministic aspect of 
extracellular matrix proteins as early differentia-
tion stage biomarkers, have highlighted biomark-
ers that would not necessarily be anticipated, 
given that decorin expression is more prevalent in 
adult skin rather than bone and prior transgenic 
mouse studies indicating its dispensability for 
bone formation. In addition to appropriate colla-
gen architecture requisites for mineralisation, the 
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extracellular matrix is important for establishing 
the bone vasculature that is essential for thera-
peutic efficacy [123] and appropriate bone 
 development [48]. Raman spectroscopy can be 
used as a non-invasive label-free technique to 
assess osteoblast matrix maturation with rele-
vance for clinical application [59, 126]. Novel 
advancements in sensor and probe technology are 
enhancing the anticipated prospects [63] of 
online monitoring of proliferation and multipo-
tency, with a more holistic quantitative evaluation 
of hBM-MSC that genuinely reflects their thera-
peutic potential.

What is the ultimate osteogenic potency 
assay? Large animal models that demonstrate 
bone regenerative potential of autologous bone 
marrow derived MSC can have greater relevance 
than other experimental animal models of mice 
and rabbits [54], but it is debatable as to whether 
evidence for in  vivo bone formation defines a 
‘gold standard’ potency assay for osteogenic 
ATMP. Certainly, it demonstrates a desired func-
tional outcome, but does not necessarily reveal 
the fundamental mechanism of action; whether 
there is real integration of the transplanted cells 
at the therapeutically relevant site or whether the 
transplanted cells mediate bone formation via 
secreted factors acting on host cells. The princi-
pal mechanism of action is likely to differ accord-
ing to the diverse requirements of different types 
of bone lesion [57, 107, 120]. Further research is 
needed to more precisely define the molecular 
mechanisms underpinning bone development 
[119], to derive potency assays that accurately, 
promptly and conveniently measure the therapeu-
tic capacity of ATMP to guide cell therapy for 
bone repair.
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5Potency Assay Considerations 
for Cartilage Repair, Osteoarthritis 
and Use of Extracellular Vesicles

Lucienne A. Vonk

5.1  Articular Cartilage

Articular cartilage is a hyaline cartilage that cov-
ers the end of bones in synovial joints. It provides 
a smooth firm surface for the movement of articu-
lating bones withstanding compressive and shear 
forces and helps distribute these forces onto the 
subchondral bone. Hyaline cartilage contains 
only a small number of chondrocytes (<10%), the 
extracellular matrix being composed of mainly of 
type II collagen and glycosaminoglycan contain-
ing proteoglycans. It has no blood supply and is 
not innervated by nerves or lymphatic vessels 
[64]. Cartilage has a very poor ability to repair 
itself and damage tends to progress into osteoar-
thritis (OA) if left untreated. Therefore, articular 
cartilage damage usually requires surgical treat-
ment [54].

MSC were adopted for clinical cartilage repair 
almost 15 years ago [33]. They are mainly used 
for the treatment of (medium- to large-sized, 
>2cm2) non-arthritic cartilage defects, focal areas 
where the cartilage is damaged or absent, and 
osteoarthritis (OA) (Fig. 5.1). In adults, the main 
cause of a cartilage defect is trauma, while OA is 
more precepted as an aging disease associated 
with wear and tear. In OA the cartilage gradually 
and progressively degenerates, which is accom-

panied by subchondral bone remodeling, bone 
marrow lesions, meniscus degeneration, synovi-
tis, and osteophyte formation (Fig.  5.1). While 
there might be an initial inflammatory response 
to the damage in a focal cartilage defect, the 
inflammatory component is much more pro-
nounced in OA [35].

5.2  Cell-Based Treatment 
of Cartilage Defects

Autologous chondrocyte implantation (ACI) has 
been used since 1987 for the treatment of carti-
lage defects (>2 cm2) [8]. ACI is a two-step pro-
cedure. In a first surgery, small biopsies of healthy 
cartilage from a non-weight bearing site of the 
cartilage are taken. Subsequently chondrocytes 
are isolated from the biopsies and culture 
expanded. In a second surgery, the culture 
expanded autologous chondrocytes are implanted 
in the cartilage defect. By implanting chondro-
cytes directly into the defect, the defect will be 
filled with new hyaline cartilage tissue. Generally, 
ACI provides good to satisfactory results and it is 
a well proven treatment with level 1 evidence 
[45].

Of three ACI products receiving EU market 
authorisation, one is currently available for use in 
Europe. ChondroCelect (withdrawn from use in 
the EU in 2016, at the request of the marketing 
authorisation holder, TiGenix NV, for commer-
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Fig. 5.1 A cartilage 
defect is a focal area 
where the articular 
cartilage is damaged. In 
osteoarthritis, there is 
progressive degeneration 
of the articular cartilage 
and meniscus, 
subchondral bone 
remodeling and 
synovitis

cial reasons) selected autologous chondrocytes 
based on a set of positive and negative molecular 
markers that predicted good hyaline cartilage 
production by the cells [85]. Initially, the 
expanded chondrocytes were implanted under an 
autologous periosteal patch. However, the periost 
often caused hypertrophy and was replaced by 
collagen membranes. The approach of matrix- 
induced autologous chondrocyte implantation 
(MACI®), Sanofi / Genzyme (withdrawn from 
use in the EU, although currently approved for 
use in the US as a product from Vericel 
Corporation), involved the seeding of character-
ised viable expanded autologous chondrocytes, 
that expressed chondrocyte-specific marker 
genes, onto a porcine derived type I / III collagen 
membrane [9]. Spherox (CO.DON AG, autho-
rised for use in the EU) are spheroids (spherical 
aggregates) of expanded autologous chondro-
cytes and their self-synthesised extracellular 
matrix [40]. These spheroids are self-adhesive to 
the subchondral bone when applied to a cartilage 
defect. Thus, for the cell culture and implantation 
no animal derived material is required, and it is a 
fully autologous product.

In addition to autologous chondrocytes, sev-
eral clinical studies and case reports have been 
published where (part of) the chondrocytes were 
replaced by autologous or allogeneic MSCs from 

various tissue sources [2, 48, 56, 70, 91, 97, 98, 
108]. The MSCs were implanted and retained 
locally in a variety of scaffolds and hydrogels. 
Especially when using allogeneic MSCs, there 
can be clear benefits from the availability of an 
off-the-shelf product; a true one-step treatment 
(only implantation, no prior harvesting of tissue) 
and relatively economic, as allogeneic MSCs can 
be expanded up to millions of cells, cryopre-
served and used for the treatment of multiple 
patients [89]. So far, only positive results have 
been published on MSC-based cartilage defect 
repair with clinical improvement and filling of 
the defects with new tissue [69].

5.2.1  Potency Assays Used 
for Autologous Chondrocyte 
Implantation

The idea of ACI is that by filling the defect with 
chondrocytes, the chondrocytes will produce new 
hyaline cartilage tissue that will repair the defect. 
However, the chondrocytes need to be multiplied 
ex vivo to reach a clinical dose [8]. When put into 
expansion culture, chondrocytes dedifferentiate 
[19], associated with a morphological change 
from round to more elongated spindle shaped 
cells. Concomitantly, expression levels of proteo-
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glycans and type II collagen decrease while 
expression of type I collagen increases. To be 
able to produce hyaline cartilage, the expanded 
chondrocytes need to ‘re-differentiate’ towards 
hyaline cartilage producing chondrocytes. Thus, 
for ACI, a potency assay should be able to predict 
the cartilage regeneration capacity of the chon-
drocytes after implantation at a time-point before 
implantation. Moreover, as also stated by the 
Committee for Advances Therapies (CAT) of the 
European Medicines Agency, due to time con-
straints an assay based on a surrogate marker 
could be used for batch release [78]. However, 
there should be a correlation between a surrogate 
marker and a functional assay.

In 2001, a set of positive and negative molecu-
lar markers that could predict the outcome of an 
in  vivo Ectopic Cartilage Forming Assay were 
identified [22]. This approach was used in the 
development of a potency assay for ChondroCelect 
by comparing several chondrocyte batches with 
varying cartilage-forming capacities for in  vivo 
ectopic to orthotopic cartilage formation, and a 
gene expression array at the molecular level [7]. 
Since correlations between molecular markers 
and the in vivo assays were observed, the gene 
expression of specific molecular markers could 
be used as surrogate potency markers (Fig. 5.2a).

With respect to MACI® it was reported that 
expression of the aggrecan gene, encoding one of 
the main proteoglycans in articular cartilage, 
could be used as a potency marker [67]. It was 
shown that the MACI® cultured chondrocytes 
expressed relatively higher levels of the aggrecan 
gene than dermal fibroblasts and when cells were 
cultured in 3D (as cell pellets or in alginate), the 
chondrocytes produced type II collagen. It was 
not disclosed whether these findings were further 
developed into the VIP (viability, identity and 
potency) assay of MACI®.

A more recent study found a direct correlation 
between the expression of S100A1 and S100B by 
chondrocytes in monolayer and their subsequent 
capacity to produce neocartilage when cultured 
in vitro in a 3D regeneration culture [23].

Furthermore, researchers from the biophar-
macy company CO.DON AG reported a human 
ex vivo functional potency assay whereby spher-

oids of culture expanded chondrocytes were 
implanted in a chondral defect created in a chip 
of human osteochondral tissue [3]. Notably, pro-
tein expression and potentially gene expression 
of aggrecan could be used as surrogate potency 
markers for this functional assay (Fig. 5.2b).

5.2.2  Mechanism of Action (MoA) 
of MSC-Based Cartilage 
Defect Repair

To develop and establish potency assays for 
ATMP products, the mode and mechanism of 
action of the products should be known. Potency 
is the quantitative measure of biological activity 
based on the critical attribute of the product, 
linked to the relevant biological properties. 
Moreover, a potency assay should demonstrate 
the biological activity based on the intended bio-
logical effect and ideally be related to the clinical 
response [102]. However, the mechanism of 
action of MSCs for cartilage defect repair and 
OA is not fully understood. Moreover, not even 
the cell fate of transplanted MSCs is fully 
elucidated.

5.2.3  MoA: Differentiation Versus 
Paracrine Signalling

Initially it was believed that MSCs would differ-
entiate into chondrocytes and produce and engraft 
new cartilage tissue. Much effort was put in find-
ing the MSC source with most effective chondro-
genic differentiation and in creating the optimal 
circumstances to differentiate MSCs into the 
chondrogenic lineage. This kind of research 
focused for instance, on comparing the differen-
tiation capacity of different MSC clones, the use 
of various growth factors and culture conditions, 
and on cocultures of chondrocytes and MSCs, 
where it was believed the chondrocytes would 
instruct the MSCs to differentiate. However, in 
2006, it was proposed that MSCs do not differen-
tiate, but rather produce molecules that have an 
immunomodulatory and a pro-regenerative effect 
[11]. In cartilage regeneration this feature is 
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Fig. 5.2 Surrogate models testing cartilage regenerative 
capacity. (a) For ChondroCelect, several batches of chon-
drocytes, ranging from phenotypically stable chondro-
cytes to dedifferentiated chondrocytes, were tested for 
their cartilage regenerative capacity in goats in an ortho-
topic model. Subsequently, similar chondrocyte popula-
tions were investigated in an ectopic cartilage formation 
assay where they were injected in the adductor muscle in 
immunocompromised mice. Finally, a correlation was 
found between the in vivo cartilage regenerative capacity 

and a set of molecular markers. (b) For Spherox, the car-
tilage regenerative capacity was tested in chips of human 
osteochondral tissue in which defects were created. The 
spheroids were implanted in the chips and the constructs 
were subcutaneously implanted in immunocompromised 
mice. Subsequently, it was shown this model is suitable 
for in vitro use, where the amount of newly formed tissue 
is a measure of the regenerative capacity and this corre-
lated with aggrecan protein expression

called a chondroinduction [105]. Although 
research on the (chondrogenic) differentiation of 
MSCs is still ongoing, emphasis on intercellular 
mediation caused a shift towards implementing 
chondroinductive effects of MSCs [95].

5.2.4  Cell Fate of MSCs Used 
to Treat Cartilage Defects

Two main application routes of MSCs for carti-
lage defect repair have been investigated: either 
via intra-articular injection into the joint space, 
supposing they would home to the defect site, or 

via direct application into the defect in a cell car-
rier (Fig.  5.3). Also cocultures of MSCs and 
chondrocytes have been used in a cell carrier 
[95].

Determining the cell fate of MSCs after 
intra- articular injection has been mostly stud-
ied in  vivo, sometimes in combination with 
general biodistribution analyses [27, 50, 53, 
71, 107]. There is no conclusive answer to the 
question whether MSCs home to the site of a 
cartilage defect and if so, how long they stay 
present. Using immunocompetent transgenic 
rats that express a stable or heat-instable form 
of the human placental alkaline phosphatase, it 
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Fig. 5.3 Mesenchymal stromal cells (MSC) have been 
administered in various ways for cartilage defect repair. 
They have been administered in a suspension by intra- 
articular injection (a). For this method there is no consen-
sus whether the MSCs home to the defect. In addition, 
they have been applied in a cell carrier, such as a hydrogel, 

directly onto the defect (b). Also, cocultures of MSCs and 
chondrocytes have been applied directly to the defect in a 
hydrogel (c). For osteoarthritis, the preferred method is 
intra-articular injection of a suspension with MSCs, so the 
MSCs can reach all affected tissues (d)

was shown that a few intra-articular injected 
MSCs migrate to a focal cartilage defect [71]. 
However, the majority of the injected MSCs 
were traced back elsewhere in the joint where 
they formed cell aggregates. Homing of the 
MSCs to a cartilage defect was supported by 
three additional studies using rabbits [107], 
pigs [50], and mice when MSCs from the 
superhealer MRL/MpJ mice were injected into 
C57BL6 mice [53]. However, when MSCs 
from C57BL6 mice were injected in C57BL6 
mice, they did not migrate to the defect [53]. 
Others also failed to find any rat synovium 
derived MSCs had migrated to a partial thick-
ness cartilage defect in rats [27]. All studies 
did report a positive effect of intra- articular 
injection of MSCs on cartilage defect repair, 
regardless of homing to the defect site. In addi-
tion, most of the studies agreed that the num-
ber of MSCs found in the knee joint decreased 

over time. One study in rats indicated MSC 
presence after one month, but this was no lon-
ger the case after two and six months [71], 
whilst others indicated they could not be found 
in the joint after only one week [27]. 
Alternatively, in rabbits, the number of MSCs 
decreased over 14 days [107]. Only one study 
reported autologous labelled MSCs in the 
repair tissue of partial thickness cartilage 
defects created in pigs after three months [50].

In clinical use, MSCs have mostly been 
applied in a cell carrier directly onto the cartilage 
defect, but only a very limited number of studies 
have tried to determine the cell fate of MSCs 
implanted in a cell carrier. In an osteochondral 
defect rabbit model, it was shown that the num-
ber of human umbilical cord blood MSCs in a 
hyaluronic acid hydrogel decreased from two to 
eight weeks and were no longer detectable after 
16  weeks [63]. However, it must be noted that 
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this was a xenograft transplantation in immuno-
competent rabbits.

Clinical evidence on the cell fate of MSCs 
implanted in human cartilage defects came from 
the IMPACT study (NCT02037204). Thirty-five 
focal chondral defects were treated with a combi-
nation of autologous chondrons (chondrocytes 
with their native pericellular matrix, 10% or 
20%) and passage 3 allogeneic bone marrow 
MSCs (90% or 80%) applied in a fibrin glue. One 
year after treatment there was a significant and 
meaningful improvement in clinical outcome and 
magnetic resonance imaging showed that the 
defects were filled with repair tissue. In addition, 
a second look arthroscopy was performed where 
it was confirmed all defects were filled with 
mostly macroscopically healthy cartilage and 
small biopsies of the repair tissue were taken. 
Besides histology, short tandem repeat (STR) 
analyses based on the EuroChimerism STR 
marker panel showed that the biopsies only con-
tained autologous genomic DNA. This supported 
the idea that MSCs do not differentiate to consti-
tute the newly repaired tissue, but they acted as 
cellular moderators stimulating the autologous 
cells to proliferate and produce new tissue, 
thereby restoring the cartilage defect [97, 98]. 
Also in vitro and in vivo, most studies found a 
progressive loss of MSCs accompanied by an 
increase of the number of chondrocytes and hya-
line cartilage formation in cocultures [1, 62, 96, 
105, 106]. Only one study using cocultures of 
immortalised MSC and chondrocyte cell lines 
found an increase in the number of MSCs that 
also expressed cartilage markers [14].

However, the exact biological process by 
which the MSCs disappear, is not clear yet; apop-
tosis and / or autophagy seem to play a role in this 
[62, 105]. In addition, there is also still little 
understanding on the signals and mechanism 
underlying the chondroinductive effects in cocul-
tures. It has been suggested that various growth 
factors, such as fibroblast growth factor and bone 
morphogenetic proteins are responsible for the 
proliferative effect on chondrocytes [62, 104]. In 
addition, the transfer of mitochondria is a newly 
proposed mechanism. With rat cells it has been 
shown that mitochondrial transfer from bone 

marrow MSCs to OA chondrocytes protects 
against mitochondrial dysfunction and improves 
mitochondrial function, cell proliferation and 
inhibits apoptosis [92]. In a study using human 
bone marrow MSCs and chondrocytes the same 
effects were shown, but here it also became evi-
dent chondrocytes could transfer their damaged 
mitochondria to MSCs and the transfer took 
place through direct intercellular contact, tunnel-
ling nanotubes and extracellular vesicles [47].

5.3  Considerations 
and Suggestions for Potency 
Assays for MSC-Based 
Cartilage Defect Repair

The main goal of a cell therapy to treat a cartilage 
defect is to produce new hyaline-like cartilage 
tissue at the defect site. To show proof-of- 
principle and effectivity of treatments for carti-
lage defect repair, large animal models including 
pigs, sheep, goats and horses have been used. 
However, there are multiple reasons that these 
animal models remain unsuitable as potency 
assays for human MSCs. Not only are they 
expensive, take a long time from treatment to 
result (3–6 months) and are demanding in terms 
of maintenance plus care, but also xenogeneic 
MSC transplantation might induce an immuno-
logical reaction that could influence the therapeu-
tical effects [55, 66]. Thus, cartilage defect 
models in larger animals have been useful to 
show initial efficacy of a treatment, but are not 
appropriate as a (batch) potency assay for human 
MSCs for cartilage repair. For smaller animal 
species, such as mouse and rat, immunocompro-
mised or humanised animals are available. 
However, orthotopic cartilage defect models are 
too complicated because of their size; it is almost 
impossible to create a focal defect on the carti-
lage surface without undesirably damaging any 
other tissues or the subchondral bone.

One application for immunocompromised 
small animals has involved ectopic cartilage for-
mation assays. For instance, for the cell product 
ChondroCelect, chondrocytes in suspension were 
injected intramuscularly into the adductor mus-
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cles of the thighs of female immunodeficient 
mice [7, 22]. Alternatively, for the combination 
of chondrons and MSCs in the  IMPACT study, 
cocultures of these cells in fibrin glue constructs 
were subcutaneously implanted in nude mice [4]. 
However, it is unlikely these assays of themselves 
would suffice to assess the cartilage regenerative 
effect of MSCs. Neither location, the adductor 
muscle nor the dorsal subcutaneous pockets, 
manages to mimic a (knee) joint environment. So 
far, no cells that were not (pre-)committed to the 
chondrogenic lineage were able to form tissue 
containing cartilage components in these ectopic 
assays [4, 22]. Thus, regardless of the exact MSC 
mode of action, these assays would not be feasi-
ble as potency assays for MSCs.

For MSC and chondrocyte cocultures, 3D 
growth as cell pellets or cells in fibrin glue using 
culture medium without supraphysiological 
concentrations of chondrogenic growth factors, 
was a functional assay that provided insight into 
the production of new cartilage tissue [96]. At 
least one of the components of native hyaline 
cartilage, such as type II collagen, proteogly-
cans or more specifically aggrecan seemed to 
correlate in a quantitative manner. However, this 
has yet to be validated. In addition, the cocul-
ture assay more pragmatically fits a one-step 
procedure when autologous chondrocytes are 
combined with off- the- shelf allogeneic MSCs to 
implant the cell product in the time-frame of a 
single surgery [89]. To determine the potency of 
various batches of allogeneic MSCs for chon-
droinduction, it would be desirable to have the 
same chondrocytes in the cocultures to avoid 
donor variation discrepancies influencing mea-
surement of chondrocyte capacity. A practical 
approach to improve standardisation would be 
using a chondrocyte cell line. Several immor-
talised chondrocyte cell lines have been devel-
oped, but they often show suboptimal cartilage 
production and/or responsiveness to growth fac-
tors, which are typical outcomes in such an 
assay [18]. Another possibility would be to 
establish a standardised induced Pluripotent 

Stem Cell (iPSC)-derived chondrocyte strain 
that shows promising hyaline cartilage produc-
tion [6].

When considering just MSC alone, their 
implantation into a cartilage defect created in a 
piece of osteochondral tissue provided a good 
way to measure production of new cartilage [42]. 
This approach would accommodate both poten-
tial mechanisms for cartilage production, either 
by direct MSC differentiation or through MSC 
mediated chondroinduction. A similar assay was 
also used for the German ACI product chondro-
sphere [72]. To investigate formation of new car-
tilage, including integration into the surrounding 
native cartilage and subchondral bone in  vivo, 
spheroids of ex  vivo expanded chondrocytes 
were applied to a cartilage defect in an osteo-
chondral chip and this whole unit was subcutane-
ously implanted into immunocompromised SCID 
mice [72]. After 24 weeks, new hyaline cartilage 
tissue had filled the defect and this tissue was 
well integrated in the surrounding tissues of the 
osteochondral chip. To assess the potency of the 
chondrocyte spheroids, the investigators used the 
cartilage defect in an osteochondral chip that was 
cultured ex  vivo for 12  weeks [3]. Here the 
amount of formed repair tissue was used as an 
outcome measure. In addition, a positive correla-
tion (r = 0.55; p < 0.025) between aggrecan pro-
tein expression in spheroids before implantation 
and newly formed tissue was observed.

A similar approach with the osteochondral 
chip assay has also been used currently as a func-
tional assay for new cartilage production follow-
ing MSCs implantation [83, 90]. This assay could 
be a good starting point to further develop a 
potency assay, identify additional quantitative 
measures, and validate them. Subsequently it can 
also be used to identify surrogate biomarkers or 
biomarker sets. Ultimately, additional in  vivo 
tracing experiments for MSC products, identify-
ing their cell fate, will provide more confidence 
as to whether a surrogate potency assay could be 
sought in the differentiation capacity of MSC, 
their trophic signalling, or both.
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5.3.1  Potency Assays 
for Differentiation

Although most evidence points towards trophic 
signalling as the mechanism of action of MSCs 
[95, 97], (partial) differentiation cannot be fully 
excluded at this point. Moreover, for autologous 
MSCs no attempts have been made so far to trace 
their fate after clinical use for cartilage repair.

The ability to differentiate into the chondro-
genic lineage is one of the minimal criteria MSC 
must adhere to [24], however, it is being increas-
ingly appreciated that there is a lot of variability 
in the chondrogenic differentiation capacity of 
MSCs. This may reflect donor variability and 
the methods of cell culture plastic-expanded 
MSCs.

Generally, chondrogenic differentiation 
medium contains ascorbic acid to facilitate col-
lagen synthesis and supraphysiological concen-
trations of one of the transforming growth factor 
beta (TFG-β) isoforms and dexamethasone to 
steer the differentiation [44, 109]. For the differ-
entiation, three-dimensional pellets rather than 
monolayer cultures are advised and often provide 
more chondrogenic conditions for poorly- 
differentiating MSC. After performing the differ-
entiation for 21 or 28  days, the principal 
components of hyaline cartilage, proteoglycans 
and type II collagen, can be semi-quantitatively 
determined as a measure of the chondrogenic dif-
ferentiation capacity. Since it takes time before 
these hyaline cartilage extracellular matrix com-
ponents are deposited, assays that predict the 
chondrogenic differentiation capacity were 
developed. A notable gene expression reporter 
assay involved co-transfection of a plasmid con-
structed with the type II collagen promotor 
upstream of Metridia luciferase and a control 
plasmid with Renilla luciferase. Both in mono-
layer and in pellet cultures, the chondrogenic 
induction could be determined optically after 
3  days and longer-term pellet cultures demon-
strated a correlation with good and poor chondro-
genic potency [58]. In addition, it has been 
proposed that monitoring the expression levels of 
the TFG-β receptors, TGFBRI and TGFBRII, 
could predict the differentiation potency. 

However, it remains unclear to what extent this 
correlates with in vivo chondrogenic differentia-
tion. In essence this assay measures the ability of 
a cell to respond to TFG-β. However, especially 
for adipose derived MSC, even cells from low- 
chondrogenic potency donors could be driven to 
differentiate using a combination of TFG-β and 
bone morphogenetic protein (BMP)-6 [39]. 
Moreover, besides the use of growth factors, mul-
tiaxial loading can be used to steer chondrogenic 
differentiation. Although MSCs subjected to 
multiaxial load produce endogenous TFG-β and 
there are clear similarities with TFG-β induced 
differentiation, there are also distinct differences, 
e.g. in nitric oxide production [30]. Therefore, 
results on growth factor-induced chondrogenic 
differentiation need to be carefully interpreted; 
correlation to in  vivo differentiation requires 
validation.

5.4  Treatment of Osteoarthritis

Currently, we lack an effective disease- modifying 
therapy for OA and existing treatments are 
largely unsatisfactory. Most therapies are aimed 
at symptom relief, but fail to restore the joint tis-
sues. ACI has been applied in OA, but with a high 
failure rate. Chondrocytes seem ineffective 
against the ongoing inflammation and progres-
sive cartilage degradation and currently patients 
with end-stage OA receive a total knee replace-
ment. This treatment is generally effective in 
reducing pain and restoring function. It works 
well for approximately 15–20 years in 90% of the 
cases [10]. However, after this time a revision 
surgery is required with less success [16, 37]. 
Therefore, treatment options to postpone or even 
avoid the need for a total joint replacement are 
required.

Recently, so-called orthobiologics with ‘mini-
mal manipulation’, such as autologous platelet 
rich plasma, bone marrow aspirate concentrates 
and the stromal vascular fraction from adipose 
tissue, have become popular for the treatment of 
OA [93]. These therapeutic agents can be pre-
pared in the operation theatre and have been 
shown to be safe with some short-term beneficial 
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effects. However, high-quality efficacy studies 
and proper recording of treatment failures and 
adverse reactions are still lacking.

5.4.1  MSC-Based Treatment 
of Osteoarthritis

Studies with culture-expanded MSC for the 
treatment of OA increasingly emerged since it 
became known MSC could exert anti-inflamma-
tory and pro-regenerative effects [35, 103], as 
both inflammation and cartilage degradation 
need to be addressed in OA. In the early phases 
of OA, the innate immune cells play the most 
important role. Natural killer cells in the syno-
vial tissue produce granzymes and perforins that 
induce apoptosis of chondrocytes in the articular 
cartilage and likely also cells in the meniscus. In 
the chronic inflammatory phase, many cells of 
the adaptive immune system are involved and 
those are mainly infiltrating the inflamed synoval 
tissue. Activated M1 macrophages play an espe-
cially important role, producing pro-inflamma-
tory cytokines that stimulate the production of 
extracellular matrix degrading enzymes such as 
collagenase-3 (MMP13) and aggrecanases 
(ADAMTS4 and 5).

For the treatment of OA both autologous [12, 
20, 25, 26, 43, 49, 59, 65, 75] and allogeneic [36, 
87] MSCs have been applied. All these studies 
reported safety, feasibility, and improvement in 
clinical outcomes after intra-articular MSC injec-
tion. As with the use of MSCs for cartilage defect 
repair (Sect. 5.2.2), no clear mechanism of action 
has been defined.

5.4.2  Tracking MSC After Intra- 
Articular Injection 
in Osteoarthritic Joint

As OA is a disease that affects the whole joint, an 
effective treatment should target all joint tissues 
and restore normal joint homeostasis. Therefore, 
for the treatment of OA, MSCs are usually deliv-
ered via an intra-articular injection into the syno-

vial fluid from where they can reach all joint 
tissues [76].

The biodistribution of intra-articular injected 
human MSCs has been explored in joints of 
SCID mice. In the first month, 15% of the intro-
duced MSCs could be found in the joints and this 
decreased to 1.5% after 6  months. In addition, 
MSCs were found in stem cell niches such as the 
bone marrow, adipose and muscle tissue [81]. In 
a subsequent study, the investigators injected 
human MSCs in immunocompetent mouse mod-
els for arthritis and OA, and their controls. The 
MSCs had a positive effect on both the arthritis 
and OA scores in the animal models, but no dif-
ference was found in the number of MSCs that 
could be traced in the joints between the experi-
mental and control animals [80]. Similarly, 
another study reported no difference in the time 
the MSC resided in the joint, when comparing 
nude mice with and without induced OA [73]. In 
contrast, in immunocompetent rats the MSCs 
were diminished after 28 days in normal joints, 
while MSCs were detectable in OA joints for 
over 70 days [51].

5.5  Considerations 
and Suggestions for Potency 
Assays for MSC-Based 
Treatment of Osteoarthritis

In ways similar to MSC-based treatment of carti-
lage defects, the safety and efficacy of autolo-
gous and allogeneic MSC-based treatments for 
OA can also be shown in large animal models. 
However, xenogeneic transplantations of human 
MSCs might induce an immune response, that 
could influence results [55, 66]. In addition, use 
of immunocompromised or immunodeficient 
small animals might not be biologically suitable 
to investigate the potency of human MSCs to 
treat OA. Even when small animal size issues are 
overcome in well-established small animal mod-
els of surgically- and chemically-induced OA 
with feasible intra-articular injections, the inflam-
matory component may be mimicked poorly in 
immunocompromised or immunodeficient ani-
mals. Either way, there have been positive reports 
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on the treatment of arthritic diseases, including 
OA, in small immunocompetent animals such as 
mice and rats using human MSCs [80, 81]. 
Although there are currently no (published) vali-
dated potency assays for the use of MSCs for OA 
available, there are some main mechanisms by 
which MSCs can alleviate OA with relevant 
functional assays available. Those functional 
assays may lay the foundation for potency assays 
given validation and appropriate establishment of 
a reference standard for calibration.

5.5.1  Effects on Macrophage 
Polarisation

Macrophages in the synovial tissue play an 
important role in the symptoms and progression 
of OA [35]. Especially the M1/M2 subtype ratio 
is associated with OA severity. M1 macrophages 
produce pro-inflammatory cytokines and attract 
more immune cells. Chondrocytes respond to this 
by secreting more pro-inflammatory cytokines 
and enzymes that can degrade cartilage tissue 
such as matrix metalloproteinases (MMPs). In 
addition, it has been shown that reprogramming 
macrophages from M1 to the more anti- 
inflammatory M2 subtype relieve pain and pro-
tects against cartilage degradation, synovitis and 
osteophyte formation [110]. MSCs can stimulate 
the polarisation of macrophages to the M2 phe-
notype, partly by the secretion of anti- 
inflammatory cytokines, prostaglandin E2 
(PGE2) and TFG-β (Fig.  5.4). This can be 
assessed by coculturing macrophages or CD14+ 
monocytes differentiated towards macrophages 
with MSCs or MSC-conditioned medium. 
Subsequently expression of the M1 phenotype 
markers CD40 and CD86 and the M2 phenotype 
marker CD206 can be determined by flow cytom-
etry. This can be supported by measurement of 
the concentrations of pro-inflammatory cytokines 
in the cell culture supernatant by (multiplex) 
Enzyme-linked immunoadsorbant assay (ELISA) 
[29, 74, 94].

5.5.2  Effects on NK Cells

NK (Natural Killer) cells are one of the main 
immune cells infiltrating the synovial tissue in 
OA [41]. Compared to NK cells found in blood, 
NK cells in the synovium have relatively low 
cytotoxic activity, but they express high levels of 
the pro-inflammatory protease granzyme A, that 
may induce or maintain the inflammatory condi-
tions in OA [35, 103]. MSCs can secrete indole-
amine 2,3-dioxygenase (IDO), PGE2 and TFGβ 
that in turn can suppress NK cell function by 
decreasing their proliferation, cytotoxic activity 
and secretion of pro-inflammatory cytokines [15, 
38, 57] (Fig. 5.4).

Assays that can be used to determine the 
effects of MSCs on NK cell function relevant 
for OA measure NK cell proliferation, NK cell 
cytotoxic activity, NK cell receptor activation, 
cytotoxic molecule expression and pro- 
inflammatory cytokine production [84]. In NK 
proliferation assays, cells are stained with mem-
brane labels (such as PKH-67 or CFSE) before 
the NK cells are stimulated with, e.g. interleu-
kin (IL)-15 in the absence or presence of differ-
ent MSC ratios. During division of the NK cells, 
the stable label divides equally when the cells 
divide and therefore dilutes. After approxi-
mately 5 days (about 4 cell divisions), the per-
centage of cells with low label intensity (such as 
PKH-67low or CFSElow) can be determined by 
flow cytometry and used as quantitative out-
come. For measuring the NK cell cytotoxic 
activity in  vitro, the radioactive 51chromium- 
release assay has represented the golden stan-
dard, whereby target cells loaded with 51Cr are 
cultured with NK cells stimulated with, e.g. 
IL-15  in the presence and absence of different 
MSC ratios. Direct NK cell-mediated lysis is 
subsequently determined by the amount of 51Cr 
released into the cell culture supernatant. The 
radioactive loading of the target cells can be 
replaced by fluorophore-labelling, bearing in 
mind that inconsistent dye uptake and dye leak-
age can give intra- and inter-assay variability. 
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Fig. 5.4 For the treatment of osteoarthritis, mesenchy-
mal stromal cells (MSCs) can have an anti-inflammatory 
effect. Amongst others, due to the secretion of prostaglan-
din E2 (PGE2), interleukin (IL)-10 and IL-2, and trans-
forming growth factors beta (TGFβ), monocytes are 
stimulated to differentiate more towards the anti- 
inflammatory M2 macrophages and not the pro- 
inflammatory M1 macrophage. The effect of MSC 
preparations on monocytes and macrophages can be 
tested in vitro with a macrophage polarisation assay. Via 
an increase in indoleamine 2,3-dioxygenase (IDO), PGE2 
and TGFβ, MSCs can inhibit the proliferation, cytotoxic-
ity and interferon gamma (IFNγ) secretion of natural 
killer (NK) cells. This can be tested in vitro via NK cell 
proliferation, cytotoxicity and activation receptor expres-

sion assays and by cytokine release into the medium. Via 
PGE2 the proliferation of B cells and their differentiation 
into plasma cells can be inhibited, which can be tested via 
a B cell proliferation assay. The increased IDO can also 
inhibit T cell proliferation, cytotoxic T lymphocyte (CTL) 
formation and IFNγ secretion by T cells, while increasing 
IL-4 expression and the formation of T regulatory (T reg) 
cells. This can be tested with a T cell proliferation assay 
and in there the ratio of T cell subsets can be determined. 
Finally, MSCs can stimulate chondrocytes to proliferate 
and produce new cartilage via the secretion of TGFβ, 
insulin growth factor (IGF), fibroblast growth factor 
(FGF), platelet derived growth factor (PDF) and bone 
morphogenetic proteins (BMPs). This can be tested 
in vitro with cartilage formation assays

Nonetheless, there are several commercially 
available target cell lines with stable endoge-
nous expression of fluorescent proteins that can 
be used. NK cell activation receptor and cyto-
toxic protein expression can be determined by 
activating the NK cells again in the presence 
and absence of different ratios MSCs and after 
approximately 4 days of culture, the percentage 
of NK cells expressing a specific receptor or 
cytotoxic molecule, such as Granzymes, can be 
determined with flow cytometry. To determine 
the secretion of pro-inflammatory cytokines, 
NK cells can be activated in the presence and 
absence of different ratios MSCs and after a few 
days the concentrations of pro-inflammatory 
cytokines in the cell culture supernatant can be 
determined with a (multiplex) ELISA.

5.5.3  Effects on T Cells

Synovial tissue is also infiltrated by T cells in OA 
[38]. Especially type 1 (Th1) and type 17 (Th17) 
helper cells and cytotoxic T cells are increased in 
the synovium. MSCs can inhibit T cell prolifera-
tion and influence the ratio between subtypes of 
Th cells [35, 103] (Fig. 5.4). The pro- inflammatory 
cytokine expression by T cells is a concern and 
especially the interferon gamma secretion by Th1 
cells, as it can create a positive feedback loop 
activating M1 macrophages.

Suitable assays to determine the effects of 
MSCs on T cells would be T cell proliferation 
and T cell differentiation assays. For T cell prolif-
eration, either peripheral blood mononuclear 
cells (PBMCs) or isolated T cells are stained with 
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a membrane label such as Carboxyfluorescein 
succinimidyl ester (CFSE) and activated (e.g. 
with phytohaemagglutinin (PHA)) in the pres-
ence and absence of various numbers of MSCs. 
After 4–7  days, the number of viable CD3+ T 
cells with low label intensity (CFSE-diminished) 
can be determined. To investigate the effects on T 
cell differentiation, isolated CD4+ T cells can be 
differentiated towards Th1 or Th17 cells with 
IL-12 and IL-2 or with TFG-β and IL-2, respec-
tively. After 3  days of culture, the cells can be 
stimulated with a leukocyte activation cocktail 
and after a few hours the percentage CD4 and 
interferon gamma (IFNγ) positive Th1 cells and 
CD4 and IL-17A positive Th17 cells can be 
determined [84].

5.5.4  Effects on B Cells

Although OA is not an auto-immune disease, B 
cells have been found in the synovium of OA 
patients in combination with auto-antibodies 
against components of cartilage [35, 103]. In 
addition, B cells can activate humoral immunity, 
leading to a disbalanced joint homeostasis. MSCs 
can inhibit B cell proliferation [82] (Fig.  5.4). 
This effect can be determined by stimulating 
membrane stained PBMCs with CpG in the 
absence and presence of different numbers of 
MSCs. After approximately one week, B cells 
can be collected and CD19 can be used to deter-
mine the percentage B cells with diluted mem-
brane staining and a combination of CD19 and 
CD27 to specify plasma cells [82].

5.5.5  Effects on Cartilage Formation

A few studies have suggested that there is new 
cartilage formation after intra-articular injection 
of MSCs in OA joints [21]. As for cartilage defect 
repair, this is probably due to trophic signalling 
by MSCs, but differentiation of MSCs cannot be 
excluded at this point (Fig.  5.4). Functional 
assays that have been described in Sects. 5.3 and 
5.3.1 can be used to assess new cartilage forma-
tion and can be transferred to OA as well.

5.5.6  Possible Surrogate Potency 
Markers

Due to multifactorial mechanisms underlying the 
inflammation and progressive cartilage destruc-
tion in OA, it is unlikely that one functional assay 
will suffice as potency assay for using MSCs to 
treat OA. In that case, multiple assays would be 
required to determine the potency of MSCs for 
the treatment of OA. However, it can be that a set 
of secreted cytokines and signalling molecules is 
responsible for most of the immunomodulatory 
effects by MSCs. As explained in Sect. 5.5, IDO 
can inhibit NK and T cell proliferation, cytotoxic 
activity and production of IFNγ, while PGE2 can 
inhibit B cell proliferation and differentiation, 
and PGE2 and TFG-β can inhibit the formation 
of antigen presenting dendritic cells and stimu-
late the differentiation of monocytes towards M2 
macrophages. In addition, TFG-β can signal 
some resident chondrocytes to proliferate and 
produce neocartilage tissue (Fig. 5.4).

So far, only one study investigated in  vitro 
anti-inflammatory effects of MSCs to clinical 
outcome after injecting them in OA knee joints 
[12]. The investigators licensed a portion of cul-
ture expanded bone marrow MSCs, that were 
used in an autologous treatment, with IFNγ and 
TNFα and studied their cytokine expressions 
in  vitro. It was found that an increased TSG-6 
protein expression and increased gene expression 
of PGE2, PDL1, IDO, IL-10, HGF and TFG-β 
were a significant predictor of better patient 
reported outcome measures [12]. Such a set-up 
might provide a basis to determine surrogate 
potency markers that correlate to one or more 
functional assays.

5.6  Extracellular Vesicles

The evidence that the therapeutic efficacy of 
MSCs relies on paracrine signalling rather than 
engraftment and differentiation is growing. Part 
of the paracrine signalling is attributed to the 
secretion of extracellular vesicles (EVs) [88]. 
EVs are membrane enclosed structures, without 
functional nucleus, that are released by cells. The 
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Fig. 5.5 Part of the paracrine effects of mesenchymal 
stromal cells are due to the production of extracellular 
vesicles. Extracellular vesicles are a collective term for 
membrane enclosed particles that are synthesised by cells 
in various ways. Exosomes are released after the fusion of 
multivesicular bodies with the plasma membrane, while 

microvesicles bud directly of the plasma membrane. 
Apoptotic bodies are formed due to blebbing of the 
plasma membrane in a response to apoptosis. Most apop-
totic bodies are larger than exosomes and microvesicles, 
but they have also been observed in the same size range

term extracellular vesicle is a collective name for 
several EV subtypes and is endorsed by the 
International Society for Extracellular Vesicles 
(ISEV), as specific markers for the subtypes are 
still missing [101] (Fig. 5.5). A specifically sized 
subset of extracellular vesicles termed exosomes 
(30–150 nm) are formed by the invagination of 
the membrane of early endosomes that mature 
into multivesicular bodies (MVBs). When multi-
vesicular bodies are not sent to the lysosome, 
they fuse with the cell membrane whereby the 
content, including the exosomes, are released 
into the extracellular space [86].

In contrast, the EV subtype termed microvesi-
cles (MVs, 100–1000 nm) are directly budded of 
the plasma membrane. Therefore, they contain 
mainly cytosolic and plasma membrane associ-
ated proteins, including cytoskeletal and heat 
shock proteins, integrins and post translationally 
modified proteins (glycosylated and phosphory-
lated). Proteins associated with other cell organ-
elles are hardly abundant [86].

Apoptotic bodies (50–5000 nm) are released 
by cells undergoing apoptosis. The majority of 
apoptotic bodies are larger in size compared to 
exosomes and MVs (1–5 μm), but smaller apop-
totic bodies have been described. Apoptotic bod-
ies are released by separation of the plasma 
membrane from the cytoskeleton after apoptotic 
cells contract. Due to their biogenesis, apoptotic 
bodies can contain intact cell organelles and their 
contents are quite similar to that of cell lysates 
[86].

For years it was believed that EVs were part of 
a dumping mechanism by which a cell would get 
rid of unwanted material. However, more recently 
it became clear that cells use EVs for intercellular 
communication between local and distant cells. 
EVs can contain a variety of molecules such as 
nucleic acids (DNA fragments, various types of 
RNA), cytokines, lipids, enzymes and other pro-
teins. Particularly, the small EVs (50–200  nm) 
have been shown to be therapeutically effective 
in various studies [99].
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The secretion of EVs is not exclusive by 
MSCs, but since EVs generally reflect the prop-
erties of their donor cells, there is an interest for 
MSC-derived EVs for regenerative medicine. 
The number and content of secreted EVs does not 
only depend on the type of the donor cell, but 
also on the state and microenvironment. 
Therefore, the content of EVs and their signaling 
message are highly adaptive [31, 32, 68, 82, 99, 
100].

The heterogeneity of EVs is a major chal-
lenge, especially for clinical application. The het-
erogeneity is not only caused by the presence of 
various subtypes and the properties and state of 
the donor cells, but also by the isolation and/or 
purification methods [31, 60, 68]. Dealing with 
this heterogeneity is even made more difficult by 
the absence of specific characterisation methods 
[79]. Therefore, it is highly recommended to first 
develop and establish an EV production and iso-
lation procedure in combination with release cri-
teria before treating patients [28]. Even then, 
despite using the same MSC donors and stan-
dardised procedures for production, there can be 
functional heterogeneity among independent 
preparations [52]. This underlines the need to test 
each MSC-EV preparation for potency before 
clinical use.

5.6.1  Functional Assays for EVs

Many pathologies, including OA, are complex 
and likely to respond to a multifaceted mode of 
treatments. Thus, as in the case of MSCs, several 
functional assays might be required to determine 
functionality and potency of MSC-EVs for a cer-
tain pathology. Although the knowledge of MSC- 
EVs is not sufficient to establish definitive 
potency tests for clinical treatment yet, function-
ality of independent MSC-EV preparations can 
be determined with functional assays that are 
also used for MSCs.

When the first clinical treatment with MSC- 
EVs was performed, the investigators used mul-
tiple functional assays to select their best 
MSC-EV preparation [46]. To treat a therapy- 
refractory graft-versus-host disease patient, bone 

marrow MSCs from four different unrelated 
donors were cultured and used for EV prepara-
tion. Subsequently, the four EV-enriched frac-
tions were analysed for their content of anti- and 
pro-inflammatory and apoptosis-inducing mole-
cules. Eventually, a preference was given to one 
preparation that contained elevated levels of 
TFG-β and the highest IL-10 to IFNγ ratio. In 
addition, a mixed lymphocyte reaction with the 
patient’s cells was performed. Since the EV prep-
aration decreased the number of IL-1β, tumor 
necrosis factor alpha (TNFα) and IFNγ releasing 
PBMCs and TNFα and IFNγ releasing NK cells, 
this preparation was chosen for treatment of the 
patient and proven successful.

Other functional assays that have been per-
formed with MSC-EVs include T cell prolifera-
tion, B cell proliferation, NK cell proliferation, 
macrophage polarisation, cytokine release pat-
terns and angiogenesis (Table  5.1). The most 
reported assay with EVs are the various T cell 
proliferation assays. Only one study used purified 
T cells for this, but also investigated the effects of 
MSC-EVs on T cell proliferation of PHA stimu-
lated PBMCs [82]. All other studies investigated 
the proliferation of T cells from PBMCs and sev-
eral activators were used such as PHA, concana-
valin A (ConA), mixed lymphocyte reaction 
(MLR) or CD3/CD28 activation. Several studies 
reported a decreased T cell proliferation when 
EVs were added to the assay and some even con-
firmed a dose dependent effect [5, 17, 60, 77]. 
However, other studies did not find an effect on T 
cell proliferation when EVs were added [13, 34, 
82]. One of these studies, performed by Di 
Trapani et  al., compared EVs derived from 
primed (the donor MSCs were pre-treated with 
pro-inflammatory stimuli, to invoke an anti- 
inflammatory response) and non-primed MSCs 
[82]. Although no effect on T cell proliferation 
was observed, there was an effect on B cell pro-
liferation, where the suppressive effects of EVs 
from primed MSCs were more pronounced.

Overall, all functional assays have been used 
successfully with MSC-EVs, but not all MSC-EV 
preparations were successful in decreasing T cell 
proliferation. As also recently observed by Madel 
et  al., although standardised methods and same 
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Table 5.1 Functional assays used with mesenchymal stromal cell-derived extracellular vesicles

Details of donor 
cells

Number of cell donors 
or preparations Assays References

BM, passage 3 4/1 Content of anti- and proinflammatory cytokines 
and apoptosis inducing molecules (4)
Number of PBMCs releasing IL-1β, TNFα and 
IFNγ upon stimulation (1)
Number of NK cells releasing TNFα and IFNγ 
upon stimulation (1)

Kordelas et al. [46]

BM, passage 
2–3

12 T cell proliferation by PHA
In vitro B cell proliferation and differentiation 
with CpG

Conforti et al. [17]

BM
UC

3 T cell proliferation stimulated by PHA
T cell proliferation induced by alloantigen-driven 
MLR

Pachler et al. [60]

WJ, passage 4 Macrophage polarisation assay Willis et al. [94]
BM, passage 3 Angiogenesis - tube formation assay

T cell proliferation by CD3
Teng et al. [77]

BM, passage 
2–7

14 Lymphocyte proliferation by PBMC stimulation 
with PHA
T cell proliferation assay by stimulation with CD3 
and CD28 antibodies
B cell proliferation stimulated by CpG
NK cell proliferation stimulated by IL-2

Di Trapani et al. 
[82]

BM, passage 4 
or 5

7 preparations from 
1 donor

Macrophage polarisation assay Pacienza et al. [61]

AT, passage 2 or 
3

18 In vivo angiogenic assay
Macrophage polarisation assay

Lo Sicco et al. [74]

AT, BM 3 Lymphocyte proliferation by PBMC stimulation 
with CD3/CD28

Gouveia de 
Andrade et al. [34]

BM, max 
passage 8

Apoptosis of ConA stimulated PBMCs and T 
cells
Proliferation of ConA treated PBMCs

Chen et al. [13]

T cell differentiation

Cytokine quantification by PBMCs (IL-1β, TNFα and TGFβ)
IDO activity

AT 2 2 T cell activation by stimulating PBMCs with 
antiCD2/antiCD3/anti CD28

Blazquez et al. [5]

T cell proliferation in stimulated PBMCs
T cell subset distribution of stimulated PBMCs

Intracellular IFNγ expression after PBMCs 
stimulation

BM bone marrow, UC umbilical cord, WJ wharton’s jelly, AT adipose tissue, PBMC peripheral blood mononuclear cells, 
IL interleukin, TNFα tumor necrosis factor alpha, IFNγ interferon gamma, NK natural killer, PHA phytohaemagglutinin, 
MLR mixed lymphocyte reaction, ConA Concanavalin-A, IDO indoleamine 2,3-dioxygenase, TGFβ transforming 
growth factor beta

MSC donors were used, not all MSC-EV prepa-
ration showed functionality [52]. This underlines 
again the need to use at least functional assays for 
each MSC-EV preparation used for clinical 
application and the development of potency 
assays will aid the standardisation.

For the treatment of OA, safety and efficacy of 
MSC-EVs have been shown in small animal 
models [86]. In addition, functionality of MSC- 
EVs on immunomodulation, proliferation and 
cartilage tissue production of chondrocytes have 
been shown in vitro [88]. For immunomodulation 
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it was shown that MSC-EVs inhibited the TNFα- 
induced nuclear translocation of p65 subunit of 
nuclear factor kappa-light-chain-enhancer of 
activated B cells (NF-κB). In addition, by using 
an EdU incorporation-assay, it was observed that 
the proliferation of chondrocytes increased when 
MSC-EVs were added to in vitro cultures, both in 
the presence and absence of TNFα. Furthermore, 
the addition of MSC-EVs to the culture medium 
of chondrocytes in 3D-fibrin constructs increased 
the deposition of the cartilage components pro-
teoglycans and type II collagen.

5.7  Summary

MSCs and MSC-EVs are emergent promising 
therapeutics for the treatment of focal cartilage 
defects and OA. Whereas the treatment of focal 
cartilage defects aims to have production of new 
cartilage tissue, for OA it relies more on the anti- 
inflammatory properties. Especially for MSCs, 
numerous in vivo studies and early phase clinical 
studies have been performed and/or are ongoing. 
While the focus of those studies lies on proof-of- 
concept, safety and efficacy, the modes of action 
and even the cell fate of implanted MSCs are still 
not fully elucidated. The modes of action are 
complex and likely multifaceted, modulating 
several pathological processes. As such, an array 
of multiple potency assays might be required.

For cartilage defect repair, potency tests that 
were developed for autologous chondrocyte 
implantation can facilitate the development of 
functional assays for MSCs and MSC-EVs. 
Furthermore, there are several functional assays 
aiming at immunomodulation that may be suited 
for OA as well. However, potency assays must 
measure the biological activity based on the 
intended biological effect and preferably reflect 
the clinical mode of action. Although, based on 
the current knowledge, these functional assays 
seem suitable to measure the biologic activity of 
MSCs and MSC-EVs for cartilage defect repair 
and OA, this has yet to be scientifically 
confirmed.
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6Advanced Technologies 
for Potency Assay Measurement
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6.1  Introduction

Cell therapy is an emerging treatment platform of 
regenerative medicine that shows promising clin-
ical efficacy. In the cell therapy approach, regen-
erative and immunomodulatory cells are isolated 
from human tissue/organs and expanded in a ster-
ile manufacturing facility according to current 
good manufacturing practice (cGMP) regula-
tions. Subsequently, these cells represent a 
medicinal product with the aim of mitigating 
inflammation, tissue injury and degeneration to 
improve healing. Crucial for application, cell 
products, like any other chemical/biological 
medication, need to be well-characterised in the 
cell manufacturing facilities and conform to reg-
ulatory approval criteria before infusion into the 
patients. Characterisation of advanced therapy 
medicinal products (ATMP) derived in cell man-
ufacturing laboratories aims to ensure safety and 
promote efficacy/potency in patients upon infu-
sion. Mesenchymal Stromal Cells (MSCs) are the 
leading cell therapy candidate in clinical trials 
worldwide [26]. Of importance, MSCs have been 
approved for the treatment of complex perianal 
fistulas in patients with Crohn’s Disease, acute 
Graft versus Host Disease (GvHD) and critical 
limb ischemia associated with Buerger’s disease 

[17, 68]. Early phase clinical trials have demon-
strated that MSCs display an excellent safety pro-
file and are well tolerated in the patients [44]. 
Despite initial enthusiasm and regulatory 
approval for the above-mentioned clinical condi-
tions, MSCs have also exhibited contradictory 
efficacy in later-phase clinical trials [51]. There 
are multiple reasons for this discrepancy that 
include variability in patients, disease severity, 
involvement of other treatment regimens, poorly 
understood mechanism of action of MSCs and 
also variability of MSC therapeutics [51]. Despite 
these challenges, potency assays for infused 
MSCs need to be defined in order to obtain more 
consistent efficacy and clinical benefit [9]. Early 
phase clinical trials do not require potency assays 
that predict efficacy of MSCs since the primary 
endpoint of the early phase clinical trials is safety. 
In advanced-phase clinical trials and for market-
ing approval, regulatory authorities require the 
deployment of potency assays that quantitatively 
measure functional attributes that encompass 
mechanism of action and potentially predict effi-
cacy as part of the release criteria of MSC.

6.2  Variability of MSC 
Therapeutics

Variability of MSC therapeutics is the biggest 
confounder for achieving sustainable clinical 
efficacy and potency measurements. These 
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 variabilities originate from the cell source to 
methodologies of cell manufacturing and prac-
tice [22]. MSCs were initially considered as an 
immune privileged cell type, but subsequent ani-
mal model studies have demonstrated that alloge-
neic MSCs can be immune-rejected [5]. Thus, 
autologous MSCs could be a best-choice epitome 
for personalised cell therapy for chronic disor-
ders. However, the use of autologous MSCs in 
cell therapy is not always feasible. Although 
studies have shown that autologous whole-cell 
MSC are fit and can be used in cell therapy for 
certain chronic clinical conditions, they are not a 
pragmatic option for acute ailments. For acute 
clinical disorders, autologous cell therapy is not 
pragmatically feasible due to the typical need for 
a minimal timeline of two weeks for MSC isola-
tion and expansion to a clinical dose. When very 
prompt timing of cell therapy is crucial for miti-
gating and reversing acute disorders, readily 
available allogeneic random-donor MSCs (‘off-
the-shelf’) or MSC derivatives (e.g. matrix or 
extracellular vesicles) present the most feasible 
option. In allogeneic therapy, choice of the donor 
to isolate MSCs is random and expansion of 
MSCs from multiple donors may be required to 
make enough cell doses for multidose treatment 
strategies. Thus, it becomes very challenging to 
define potency assays that measure consistent 
and equal functionality of these cell therapeutics 
from independent donors. The family of cell 
types designated ‘MSCs’ can be isolated from 
various tissue sources including bone marrow, 
adipose tissue, umbilical cord and placenta [33]. 
Although these MSC populations from different 
tissue sources share mesenchymal phenotype 
similarity, they diverge in their more detailed, 
granular characteristics [62]. Thus, MSC popula-
tions isolated from differential tissue source need 
to be analysed rigorously to provide accurately 
informed potency assays that may predict their 
functionality in vivo. Differential methodologies 
of cell manufacturing and delivery also contrib-
ute to the variability of MSC therapeutics. 
Random donor MSCs that are readily available 
(‘off-the-shelf’) in the cryopreserved state would 
represent a feasible cell therapy option for clini-
cal facilities that do not have cell manufacturing 

capacity. For such cell therapy practice, MSCs 
would be expanded and cryopreserved at the cell 
manufacturing facilities, and subsequently trans-
ported to the hospitals as a cryopreserved cellular 
product, where they would be promptly thawed 
and infused in to the patients within a few hours 
post-thaw. Although such a protocol would seem 
very feasible and viable, several studies have 
demonstrated that freshly thawed MSCs from 
cryopreservation are dysfunctional and not 
equivalent to the actively growing counterparts 
[55, 85]. Hence, potency assays may need to con-
sider logistic factors such as transportation 
between manufacture and point of care [77] and 
the impact of freeze-thawing on MSC therapeutic 
quality and functionality.

6.3  General Considerations 
for MSC Release Criteria

United States Food and Drug Administration 
(FDA) and European Medicines Agency (EMA) 
classify MSC as a more than minimally manipu-
lated Cellular and Gene Therapy (CGT) product 
for which an Investigational New Drug (IND) or 
Clinical Trial Application (CTA) is required for 
human clinical trials. Investigational cellular 
products are regulated with a well-defined cell 
manufacturing procedures and characterisation 
assays [53]. These assays ensure that the cellular 
product is safe and functional to infuse into 
humans. The three major determinants of the 
release criteria are identity, viability and sterility 
in early phase clinical trials [53]. The International 
Society for Cell and Gene Therapy (ISCT) has 
recommended minimal criteria to define bone 
marrowBone marrow derived MSC identity with 
(1) adherence to plastic culture plates, (2) trilin-
eage (adipocyte, osteocyte and chondrocyte-
Chondrocytes) differentiation potential and (3) 
combination of positive (CD105, CD73, CD90) 
and negative (CD45, CD34, CD14, CD11b, 
CD79a, CD19, HLA-DR) cell surface marker 
expression [19]. Widely accepted cell viability 
release criteria for fresh and frozen-thawed 
(cryopreserved) MSC products are above 90% 
and 70%, respectively. Trypan Blue exclusion 
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assays are performed at the cell manufacturing 
facility to define the cell viability. Moreover, flow 
cytometry-based technologies that capture early 
apoptotic cells using Annexin V and Propidium 
Iodide staining allow the percentage quantifica-
tion of live, apoptotic and necrotic cells. Sterility 
of the cell product is currently evaluated at the 
cell manufacturing stage using microbial culture 
analysis, automated microbial detection systems 
and Polymerase Chain Reaction (PCR) assays 
[65]. Endotoxin levels in MSC products using a 
limulus amoebocyte lysate (LAL) assay are also 
worthy of inclusion as part of the release criteria 
[27], since bacterial endotoxins can influence cell 
proliferation and differentiation [57, 58]. 
Malignant transformation or tumorigenesis of 
infused MSCs has never been reported in a 
patient. Analysis of autopsy tissue from patients 
who earlier received MSC therapy has demon-
strated a lack of long term MSC engraftment, 
ectopic tissue formation or tumorigenic transfor-
mation [79]. Long-term MSC expansion may 
lead to cellular senescence and dysfunctionality, 
but not malignant transformation [14]. Some 
studies have demonstrated that cell culture 
expanded MSCs develop genomic mutations and 
aneuploidy but did not undergo malignant trans-
formation [75, 81]. G-banding karyotype analy-
sis, comparative genomic hybridisation (CGH) 
assay, fluorescence in situ hybridisation (FISH) 
are recommended assays to assess for chromo-
somal abnormalities [6] although a normal karyo-
type is not necessarily an incontrovertible 
indicator that the cells lack tumorigenic potential 
[11]. Another consideration in the product release 
criteria is the purity of the MSC product released 
as a cellular pharmaceutical. Purity measure-
ments can be evaluated along with the identity 
characterisation as part of the release criteria. 
MSC products are evaluated for the percentage of 
total cells expressing positive and negative phe-
notypic markers which minimises the contamina-
tion from other cell populations such as 
hematopoietic cells and endothelial cells in the 
final preparations. All these considerations for 
basic release criteria of MSCs are for early phase 
clinical trials which assures safety while the 
advanced phase clinical trials/marketing approv-

als require both safety and potency analysis of 
the cellular products.

6.4  Key Aspects of Potency 
Assays

Potency assays should reflect the putative mecha-
nism of action (MoA) of the MSC product that is 
being used in a given clinical condition. Hence 
these assays quantify the attributes of specific 
cell products and their functionality that are 
assumed to confer clinical benefit. The beneficial 
applicability of MSC is being explored for vari-
ous clinical conditions although the precise 
mechanism of action that provides clinical bene-
fit is not fully understood and will vary from one 
clinical condition to another. Hence, potency 
assays need to be developed that define the prod-
uct characteristics suitable for the particular clin-
ical condition being used. Considering a lack of 
understanding the MoA responsible for the 
MSCs’ clinical benefit, moreover likelihood that 
a number of attributes are involved, an assay that 
measures a single property or characteristic of 
MSCs and its functionality may not adequately 
represent the potency of the product. Alternatively, 
a combination of bioassays and analytical assays 
collectively called ‘assay matrix’ can be used to 
measure more than one property of MSCs thereby 
defining the potency of MSCs more adequately 
(Fig.  6.1) [25]. For instance, MSC’s ability to 
secrete CXCL5, IL-8, VEGF coupled with a 
functional angiogenic assay were considered as a 
surrogate assay matrix that defined the angio-
genic potency of MSCs [47]. The ISCT has rec-
ommended that at least three analytic methods 
should be considered in matrix assay approaches: 
(i) quantitative RNA analysis of selected gene 
products, (ii) flow cytometry analysis of func-
tionally relevant surface markers and (iii) 
Secretome analysis of bioactive molecules [25]. 
Another aspect of potency measurement is the 
inclusion of cellular reference standards in assays 
with direct comparison to the potency of test 
product. It has been proposed to utilise universal 
cellular reference standards in the potency assays 
[78]. However, an MSC-derived therapeutic 
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Fig. 6.1 Assay matrix strategy in defining the potency of 
human MSCs. In this strategy, resting and cytokine acti-
vated MSCs are compared for more than one effector 

pathways, collectively known as the assay matrix. Resting 
MSCs may serve as the reference standard, avoiding the 
need for a universal cellular reference/standard

effect may involve multiple effector molecules 
and pathways that may synergistically modulate 
inflammation and tissue injury via overlapping 
and non-overlapping mechanisms which are yet 
to be understood. Utilisation of cellular reference 
standards in defining the potency of autologous 
cell therapeutics further complicates the interpre-
tation since the autologous MSC populations are 
distinct and patient-specific. Thus, identification 
of a universal cellular reference standards that 
meets this criterion is a challenge. Alternatively, 
another approach is the utilisation of internal ref-
erence controls to serve as the cellular reference 
standards. MSCs are responsive to environmental 
cues that activate the expression of several effec-
tor molecules important for tissue regeneration 
and immune modulation [80]. It is entirely pos-
sible to utilise this phenomenon of physiological 
shift from naïve to activated state in deploying 
reference standards. In this scenario, MSCs that 
are in naïve state are considered as a cellular ref-
erence standard and are compared with a cyto-
kine activated counterpart for which effector 
molecules are modulated. Enumeration and quan-
tification of the effector molecules between naïve 
and cytokine activated MSCs obviate the need 
of  universal cellular reference standards [41]. 

Another strategy for defining the cellular refer-
ence standard is the inclusion of the inactive form 
of the cellular product that is being investigated. 
For instance, active MSC products can be com-
pared with the heat inactivated counterparts. 
Thus, the quantitative difference in the expres-
sion of effector molecules between active and 
heat inactivated counterparts defines the potency.

6.5  Potency Assay Technologies

6.5.1  Immunological Assays

Assays to assess the immunosuppressive proper-
ties of MSCs have been widely considered as a 
surrogate measure of potency [41]. In these 
assays, MSCs ability to inhibit the proliferation 
of T cells is quantified predominantly by flow 
cytometry. Random donor derived Peripheral 
Blood Mononuclear Cells (PBMCs) serve as the 
source of T cells in these assays. T cells in the 
PBMCs may be activated by several methods 
such as classic Mixed Lymphocyte Reaction 
(MLR), engagement of T cell receptor (TCR) 
complex with anti-CD3 and anti-CD28 antibod-
ies and TCR independent activation with PHA or 
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PMA and Ionomycin. In all these assays, T cell 
proliferation was measured by evaluating the 
dilution of proliferation dyes such as CFSE dye, 
expression of proliferation marker Ki67 and 
incorporation of nucleoside analogue bromode-
oxyuridine (BRDU). The difference in the per-
centage of T cell proliferation between absence 
and presence of MSCs was calculated as the 
potency value of the MSCs. Unfractionated 
PBMCs contain lymphomyeloid populations and 
this complexity of heterogenous immune cell 
populations remains useful in potency assays, 
since infused MSCs encounter a similar multicel-
lular environment in vivo. However, the lympho-
myeloid populations can vary for each human 
subject and using the unfractionated PBMCs 
from a random donor in the potency assays would 
complicate the reproducibility of these assays 
from one PBMC donor to the next. One approach 
to minimise this complexity is to use a purified 
lymphoid population in the immunosuppressive 
potency assays. In these assays, purified T cells 
can be used in place of unfractionated PBMCs 
which minimise the issue related to the reproduc-
ibility in potency assays [24]. Other confounders 
of the potency assays are PBMC culture duration 
with MSCs and total reaction volume of the 
assay, which need to be considered and stan-
dardised in developing in  vitro assays [7]. In a 
flow cytometry-based immunoassay, the expres-
sion of IFNγ-induced intracellular enzyme IDO1 
and cell surface protein PD-L1 were evaluated 
within MSCs. These biomarker expressions were 
correlated with MSC-mediated suppression of T 
cell proliferation [28]. Thus, analysing IFNγ- 
induced IDO1 and PDL1 on MSCs could serve as 
a rapid potency assay for release criteria. MSC’s 
interaction with macrophages are also being con-
sidered in potency analysis. One such example is 
the MSCs ability to inhibit LPS-induced TNFα 
expression on monocytes determined by intracel-
lular flow cytometry and this assay system can be 
used as a surrogate measure of potency [67]. 
Similarly, MSCs can polarise macrophages from 
classic proinflammatory M1 into an immunosup-
pressive M2 subtype [23]. Although further stud-
ies are required, these metrics on macrophages 
are likely to become useful measures of potency.

6.5.2  Genomic Assays

MSCs possess a plurality of effector molecules 
that are important for immunomodulation and 
regeneration and thus quantifying their expres-
sion at RNA levels will likely provide a surrogate 
measure of potency. Next generation sequencing 
such as bulk RNAseq or single cell RNA sequenc-
ing provide information about the total transcrip-
tome of individual MSC populations. These 
assays are expensive and their routine usage in 
small scale cell manufacturing laboratories are 
difficult. Nevertheless, these investigations iden-
tify target genes that can influence mechanisms 
of action and potentially serve as potency assay 
biomarkers. Transcriptome analysis of resting 
MSC also yielded candidate genes that may 
potentially predict their function and be applica-
ble in potency assays. For example, it has been 
shown that gene expression levels of TWIST1 
predict intrinsic differences in the functionality 
of MSCs from independent donors. TWIST1 
expression also predicts MSC potency both 
in vitro and in vivo, and can be incorporated in 
potency testing [8]. Similarly, TNFα-stimulated 
gene 6 (TSG-6/TNFAIP6) expression predicted 
MSCs efficacy in sterile inflammation models for 
corneal injury, sterile peritonitis, and bleomycin- 
induced lung injury demonstrating a broad appli-
cability for potency assays [46, 64]. Instead of 
quantifying a single effector gene expression, 
specific sets of genes that are significant for 
MSCs’ function may also be used as a surrogate 
measure of potency [25]. For example, genomic 
cluster analysis of hMSC stimulated with osteo-
genic medium in vitro identified that a signature 
pattern of expression of 5 genes (ALPL, COL1A2, 
DCN, ELN and RUNX2), but not individual 
genes, correlated well with subsequent MSC 
bone forming osteogenic potential [56]. 
Reproduction and enhancement of the study 
revealed TGFB2 expression was a highly indica-
tive biomarker within an osteogenic potency 
assay gene cluster [59], reflecting that potency 
assays may be best regarded as continuously 
open to improvement and maturation. In another 
approach, MSC’s fitness to respond to host 
inflammatory cues (cytokines and chemokines) 
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that evoked effector molecules of significance to 
immunomodulation and regeneration were quan-
tified at the RNA level to define potency. 
Activated PBMCs produce cytokines and chemo-
kines influencing immunomodulatory genes on 
MSCs. Thus, MSC’s fitness to upregulate immu-
nomodulatory and regenerative genes upon 
coculture with the inflammatory cues produced 
by activated PBMCs could serve as the potency 
assay. However, there are challenges in using this 
assay system for reproducible analysis. Activated 
PBMCs could produce varying quantities of 
cytokines and chemokines that differ from donor 
to donor and hence this potency assay system 
may generate assay variabilities independent of 
MSC attributes. Alternatively, from a reductionist 
perspective recombinant cytokine or chemokine 
with a quantitative bioactivity could be used in 
the potency assay system. IFNγ is one such pro-
inflammatory cytokine evoking immunosuppres-
sive properties on MSCs. Thus, measuring MSC’s 
responsiveness to IFNγ by quantitative PCR 
could be considered a surrogate measure of 
potency [41]. One notable such example is 
Indoleamine 2,3 Dioxygenase (IDO/IDO1) that 
is robustly induced in MSCs by IFNγ and plays a 
significant role on the immunosuppressive prop-
erties of MSCs. IDO1 catabolises the conversion 
of tryptophan into kynurenine which induces 
apoptosis of T cells. Blockade of IDO1 activity 
on MSCs completely abolished their in vitro sup-
pressive properties on T cell proliferation [52]. 
The magnitude of IDO1 gene induction by IFNγ 
also correlated with MSCs’ immunosuppressive 
properties [21]. The MSC Committee of the 
ISCT has suggested that a standardized immune 
assay quantitative measurement of IFNγ-induced 
IDO and/or analysis of its transcriptional modu-
lation in MSCs, could be deployed in predictive 
potency analysis [41]. As an alternative strategy, 
an ISCT guidance article has also recommended 
that the IFNγ-stimulated array of genes signifi-
cant to MSC immunobiology and regenerative 
biology could be investigated in a small-scale 
quantitative RNA-based array as an ‘assay 
matrix’ to define their potency [25]. One such 
example is the Fluidigm™ nanoscale quantitative 
PCR array in which samples and targets can be 

probed in a 48X48 or 96X96 chip format. 
Utilisation of such platform has identified that 
IFNγ upregulates genes such as IDO1, CXCL9, 
CXCL10, CXCL11, CIITA, HLADR, PD-L1 and 
ICAM-1 [15]. In this matrix assay system, expres-
sion levels of these genes in the resting MSCs 
(prior to IFNγ stimulation) is compared with 
IFNγ stimulated counterparts. This approach 
obviates the need of universal reference stan-
dards/rulers in potency assays. The data from 
resting MSCs can serve as cellular reference 
standards/rulers and the magnitude of the differ-
ences versus stimulated MSC represent potency 
values. MicroRNA expression in MSCs are mod-
ulated by Toll-Like receptor molecules that regu-
late MSCs’ immunomodulatory functions [2]. In 
addition, signatures of microRNA expression and 
their critical significance in regulation of differ-
entiation, paracrine activity, survival and migra-
tion have been defined in MSCs [16]. Expression, 
regulation and functionality of microRNA in 
MSCs can be further correlated to identify their 
utility in predictive potency assays. Altogether, 
genomic assays focusing on selective sets of gene 
expression are not only sensitive, reliable and 
cost-effective but also quantitate the molecular 
fitness of the cells and thus can be incorporated in 
the potency assay matrix analysis.

6.5.3  Secretome Assays

MSCs secrete bioactive molecules such as cyto-
kines and chemokines in the resting stage and 
upon interaction with host inflammatory cues. 
MSCs’ capacity to secrete these bioactive mole-
cules can be quantified and used as a surrogate 
measure of potency. Human bone marrow derived 
MSC secretion of soluble TNF receptor-1 has 
been used as a surrogate measure of potency for 
the product release criterion in a phase 3 trial of 
an MSC product efficacious for first-line therapy 
after initial steroid failure in acute graft versus 
host disease patients [42]. Similarly, Prostaglandin 
E2 secretion in human MSC cultures predicted 
their in vivo therapeutic potential, hence quanti-
tation of its secretion could be used in prospec-
tive potency assays [39]. Seeking to understand 
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how intravenously infused MSC might confer tis-
sue repair benefits without significant engraft-
ment, the observation that MSC secretion of 
TNF-α-induced protein 6 (TNAIP6 or TSG-6) 
could enhance regenerative efficacy in animal 
models presented a valuable surrogate potency 
assay model [45]. Although these strategies 
aimed to correlate functionality of MSCs with 
their ability to secrete a single bioactive mole-
cule, the ISCT has recommended an ‘assay 
matrix’ approach that captures an array of cyto-
kines and chemokines secreted by MSCs as part 
of a potency assay. This approach is possible with 
multiplexing technologies such as Luminex™ 
xMAP technology or BD™ Cytometric Bead 
Array (CBA). Using Luminex™ xMAP technol-
ogy, a large panel of cytokines and chemokines 
(secretome) were analysed in independent cul-
tures and cocultures of MSCs and activated 
PBMCs. In this assay system, the secretome of 
resting MSCs provided the reference values for 
their corresponding counterparts upon MSC 
interaction with activated PBMCs. This analysis 
has identified that MSC-mediated suppression of 
T cell proliferation was associated with unique 
secretome modulation. MSC mediated suppres-
sion of T cell proliferation was correlated with 
the downregulation of TNFα, IFNγ, IL-13, IL-5, 
IL-2R, CCL3 and CCL4, and upregulation of 
VEGF, IFNα, CXCL10, GCSF, CXCL9, IL-7 
and CCL2 bioactive molecules. This analysis 
also identified that MSC and PBMC interactions 
were bidirectional, since bioactive molecules 
were modulated upon mutual interaction between 
both cell populations [15]. The assay matrix 
approach that captures the secretome of MSC’s 
interaction with PBMCs is also useful in identi-
fying the fitness of MSCs; an important consider-
ation since prolonged cell expansion in culture 
expansion causes replicative exhaustion/senes-
cence of MSCs. Secretome analysis has identi-
fied that senescent MSCs are significantly 
different to their early passage counterparts in 
modulating the PBMC secretome [14]. Similarly, 
in contrast to active cell culture conditions, MSCs 
immediately thawed from cryopreservation are 
relatively defective in modulating the PBMC sec-
retome [15]. These validations suggest that the 

secretome assay matrix can predict the function-
ality of MSCs and can be utilised in potency test-
ing assays.

6.5.4  Phosphorylation Assays

Cytokines, chemokines and growth factors com-
municate with their responding target cells by 
activating signal transduction pathways that are 
often initiated by the phosphorylation of signal-
ling molecules. Evaluation of an array of the 
phosphorylated signalling molecules on MSCs 
that are induced with the combined secretome as 
a result of the interaction of activated PBMCs 
could serve as another matrix approach, termed a 
‘phosphomatrix approach’, in potency testing 
(Fig. 6.2). In this approach, instant phosphoryla-
tion of Signal Transducer and Activator of 
Transcription (STAT) proteins on MSCs are cap-
tured upon stimulation with the secretome of 
activated PBMCs with and without MSC cocul-
ture. This approach may also be regarded as a 
‘loop analytical approach’ since the secretome 
derived from MSC and PBMC coculture is tested 
on the same MSC populations [13]. Thus, the 
probe MSC populations are both generator and 
sensor of the secretome which obviates the need 
of additional primary or immortalised reporter 
cell lines to evaluate the effect of the secretome. 
STAT phosphorylation levels on MSCs induced 
by the secretome of heat-inactivated (HI) MSCs’ 
cocultured with activated PBMCs served as the 
internal reference. Thus, the relative quantitation 
of phosphorylation induced by the secretome of 
live cultures can serve to inform upon MSC 
innate functional potency with reference to their 
unstimulated MSC counterparts. This strategy 
was implemented to derive potency assays for 
both autologous and allogeneic MSC products. 
BD™ Phosflow technology was used in this 
phosphomatrix loop analytical approach whereby 
phosphorylation levels of STAT molecules were 
measured as Mean Fluorescence Intensity (MFI) 
in flow cytometry. As a matrix assay, the phos-
phorylation status of an array of STAT molecules 
such as STAT1, STAT3, STAT4, STAT5, and 
STAT6 was investigated on MSCs variously 

6 Advanced Technologies for Potency Assay Measurement



88

Fig. 6.2 Phosphomatrix Loop Analytical Strategy. The 
loop analytical potency testing approach investigates the 
fitness of the secretome of PBMCs cultured with and 
without live or heat-inactivated MSCs for inducing phos-
phorylation on MSCs. Secretome of heat inactivated 

MSCs serve as the reference standard. This strategy not 
only avoids the need for a universal standard, but also 
need for external reporter cells for testing the functional-
ity of the secretome of MSC and PBMC interaction

derived from human bone marrow, adipose tis-
sue, and umbilical cord. This study revealed that 
the secretome of activated PBMCs alone could 
induce STAT-1 and STAT-3 phosphorylation on 
MSCs. In contrast, the secretome of live MSC 
and PBMC coculture, but not heat inactivated 
MSC and PBMC coculture, failed to induce 
effective STAT-1 and STAT-3 phosphorylation. 
STAT1 and STAT3 phosphorylation levels on 
sensor MSCs correlated with and predicted allo-
geneic T-cell suppression mediated by the same 
MSC populations [13]. The phosphomatrix loop 
analytical approach was demonstrably a valuable 
strategy that could be incorporated into the 
potency testing of MSCs as a living immunoreg-
ulatory pharmaceutical.

6.5.5  Morphological Profiling 
Assays

Functionally-relevant morphological profiling 
(FRMP) denotes a strategy whereby the morpho-
logical attributes of cells that predict their func-

tionality are quantified as cells respond to specific 
biological stimuli [49]. Methodologically, high 
content imaging is performed with automated 
microscopy that acquires cellular images in a rig-
orous high-throughput setting with the resulting 
high-dimensional morphological data then pro-
cessed with computational approaches to obtain 
morphological signatures. These morphological 
signatures can be correlated with their function-
ality, thus FRMP can be deployed in potency 
assays [12, 40]. These two notable examples have 
highlighted the significance of FRMP for MSC 
potency analysis. Two studies, as mentioned 
below, used  high- content imaging with auto-
mated high- dimensional morphological profiling 
software, cell profiler™, generating more than 90 
morphological features of MSCs from multiple 
donors and passages that were then correlated 
with functions. In the first study, high-content 
imaging was performed on MSCs upon their 
induction for osteogenic differentiation with 
appropriate cues. Identified morphological signa-
tures could correlate predictively with the MSCs’ 
mineralisation ability [50]. In contrast, morpho-
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logical signatures of control MSC cultures with-
out osteogenic induction did not predict 
mineralisation, indicating that functional stimu-
lation may be required for morphological profil-
ing. In another study, unique morphological 
signatures of MSCs emerged upon stimulation 
with IFNγ and these phenotypic changes pre-
dicted their suppression of T cell activation. 
Morphological signatures of MSCs without IFNγ 
stimulation did not predict immunosuppression 
which again supported the significance of func-
tional stimulation in these potency assays [38]. 
Both examples signified that specific morpho-
logical traits of MSC could serve as a predictor of 
their functionality, making FRMP an important 
new label-free tool with potential for predictive 
potency analysis.

6.5.6  Biomaterial-Based Assays

Biomaterials are natural or synthetic materials 
that possess and support biological functions 
with emerging applications in cell manufactur-
ing and regenerative medicine [69]. Biomaterials 
can provide optimal culture conditions for 
in vitro cell growth that are more equivalent to 
the in vivo physiological conditions. For exam-
ple, cells grown on matrices, scaffolds and 
hydrogels displayed closer resemblance to their 
native in vivo phenotype [1]. In addition, MSCs 
grown on planar surfaces and three-dimensional 
scaffold biomaterials display differential biolog-
ical properties. For example, MSCs cultured on 
electro spun fibres produced significantly higher 
levels of secretory bioactive molecules than 
when cultured on microplates which suggested 
that the fibrous topography of the scaffolds influ-
enced MSC functionality [72]. Similarly, MSCs 
grown in 3D spheroid scaffolds exhibited 
increased immunomodulatory potential and 
topological cues in three dimensional cultures 
played a significant role in promoting MSC dif-
ferentiation [20, 34, 36]. These studies suggested 
that apical polarity and mechanical properties of 
conventional planar cell culture surfaces are dif-
ferent to the in  vivo host microenvironment to 

which infused MSC home and perform regener-
ative functions. To better recapitulate physiolog-
ical conditions three dimensional biomaterials 
that mimic the in vivo microenvironment can be 
incorporated in the potency assays to enhance 
predictive representation of MSC function in the 
host. Demonstrating the usefulness of biomateri-
als in potency testing, Williams et al. embedded 
MSCs in synthetic polyethylene glycol (PEG)-
based hydrogels incorporated into microfluidic 
(tissue-on-a-chip) platforms [82]. Subsequently, 
stimuli were perfused within the chip and the 
resulting secretory molecules of MSCs were 
investigated. The results demonstrated that the 
IFNγ and TNFα-induced cytokine secretion pro-
files of MSCs in the hydrogels were different in 
comparison to profiles obtained from monolayer 
cells cultured on planar surfaces. In addition, 
this platform allowed investigation of the effect 
of gradient stimuli on MSC functionality and 
thus the bioengineered system provided a versa-
tile tool for predicting MSC potency. Another 
important bioengineering intervention for 
improving potency assays involves the use of 
new biomaterials and/or engineered devices in 
the design of biosensors to measure analytes and 
molecules secreted by MSC.  One of the more 
recent examples is the application of graphene as 
a biosensor nanomaterial in potency assays [4]. 
Functionalised graphene-based materials, gra-
phene oxide (GO), reduced graphene oxide 
(RGO) and graphene quantum dot (GQD) can be 
utilised to sense biomolecules based on their 
charge interactions [73]. For example, VEGF-
specific RNA aptamers in conjunction with GO 
in a Field-Effect Transistor (FET) electronic 
platform detected VEGF targets at very sensitive 
femtomolar concentrations [43, 48]. Anticipating 
future improvements in reliability and reproduc-
ibility, such engineered biosensors may intro-
duce more cost- effective potency assays. To 
recapitulate the in  vivo microenvironment that 
support MSC functionality and quantitate bio-
markers using biosensors, predictive potency 
testing can be made more relevant by inclusion 
of biomaterials and engineered devices in the 
assay system.
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6.5.7  Angiogenic Assays

MSCs’ fitness to induce angiogenesis can be 
crucial for successful treatment and suitable 
potency assays can adopt two different 
approaches. In the first strategy, the MSC’s abil-
ity to secrete  proangiogenic factors is quantified 
to provide a surrogate measure of MSCs’ poten-
tial to induce angiogenesis. VEGF levels of 
MSCs have been shown to be correlated with 
endothelial cell functions such as migration, 
proliferation and tube formation, justifying 
quantitation of VEGF secretion as a surrogate 
measure of angiogenic potency [76]. A similar 
approach has demonstrated that MSCs express-
ing high levels of aldehyde dehydrogenase 
(ALDH), an intracellular detoxification enzyme 
related to oxidative stress, display enhanced 
angiogenic properties compared to cells express-
ing ALDH at low levels [70] making evaluation 
of ALDH expression in MSCs a surrogate bio-
marker useful for angiogenic potency assays. In 
the second approach, proangiogenic properties 
of MSCs are tested using target-cell functional 
assays. For example, MSC condition media can 
be tested for the ability to induce endothelial 
cell tube formation, with quantities of MSC 
paracrine angiogenic factors, including C-X-C 
motif ligand 5 (CXCL5), interleukin 8 (IL-8) 
and vascular endothelial growth factor (VEGF) 
also evaluated in these assays. Depletion and 
supplementation of these cytokine levels in 
MSC-condition media established the indicative 
threshold values in the potency measurement 
[47]. Another functional approach termed ‘in 
vitro aortic ring assay’ has been developed, 
whereby Matrigel™-embedded thoracic seg-
ments of adult rat aortas were cultured with first 
trimester human umbilical cord-derived perivas-
cular cells and bone marrow MSCs. Although 
bone marrow MSC did not show significant 
radial network growth and network loop forma-
tion, this assay system could be further investi-
gated for its suitability in angiogenic potency 
assays [30]. Similarly, conditioned media from 

MSCs were tested in a three-dimensional fibrin 
matrix assay where human umbilical vein endo-
thelial cells (HUVEC) were bound to gelatin- 
coated dextran beads and then embedded in a 
fibrin matrix that simulated the wound healing 
microenvironment. MSC conditioned media- 
induced sprouting and vessel formation was 
observed by microscopy [10]. MSC’s angio-
genic properties are highly regarded for their 
therapeutic and regenerative potential and hence 
appropriate angiogenic assays are a powerful 
tool in defining potency assays [66, 84].

6.5.8  Metabolic Assays

Human MSCs in their native quiescent state 
exhibit low proliferation but they undergo rapid 
proliferation upon cell culture adaptation. During 
this proliferation phase, energy metabolism is 
dependent on oxidative phosphorylation which 
leads to the accumulation of metabolic by- 
products such as reactive oxygen species that 
induce cellular senescence and reduce potency 
[60, 71]. Hence careful analysis of metabolic 
pathways and products of cell culture expanded 
MSCs can indicate their potency. In support of 
this, it has been shown that the immunosuppres-
sive capacity of MSCs correlated with their gly-
colytic and respiratory activity [35]. A study has 
investigated MSC metabolism and measured 
immunomodulatory secreted factors from MSC 
seeded on the extraluminal side of hollow fibres 
in a longitudinally sampled bioreactor suitable 
for influencing human immune cells [3]. Such 
analysis of secreted metabolites and attributable 
functional factors can be used to define MSC 
potency. Mitochondrial metabolism is another 
target that can be deployed in potency assays. 
MSCs derived from obese individuals and ath-
erosclerosis patients have been shown to display 
defective mitochondrial content and function that 
can lead to the loss of their function and stemness 
[37, 61]. Recently, it has been shown that mito-
chondrial transfer from MSCs to macrophages 
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may play an important role in modulating macro-
phage function [31]. Further studies are neces-
sary to define the applicability of mitochondrial 
function and metabolic fitness to MSC-derived 
mechanisms of action and potency assays [32, 
54, 63, 74, 83].

6.6  Conclusion

MSCs present an apparently straightforward cell 
therapeutic product, amenable to cell manufac-
turing facilities since they can be expanded using 
standardised xenobiotic-free cell culture proce-
dures complying with cGMP requirements. 
However, the mechanism of action of MSCs in 
mediating therapeutic benefit is complex and yet 
to be fully understood. In addition, heterogeneity 
and functional diversity can introduce variabili-
ties that challenge the manufacture of MSC prod-
ucts and their application in diverse ailments [18, 
29] making the development of potency assays 
more challenging. Nonetheless, sensitive, reli-
able, reproducible and economical assays cou-
pled with advanced technologies are needed with 
developments underway to accurately character-
ise the potency of MSCs as part of their release 
criteria required for clinical translation.
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7Innovative Quantification 
of Critical Quality Attributes

Sotirios Papamatthaiou and Despina Moschou

7.1  Introduction

Potency testing involves the quantitative measure 
of the biological activity of a product, with the 
main in vitro assays involving quantification of 
protein biomarkers via ELISA or ELISPOT, 
genetic sequences via RT-PCR or cell-based 
analysis via flow cytometry. Nonetheless, at the 
moment the respective assays usually take con-
siderable time to develop. The main reasons can 
be traced to the cellular therapy’s patient-specific 
nature, the limited amount of time available to 
perform quality testing and the limited stability 
of the products over time [1]. An ideal techno-
logical enabler in overcoming these existing on 
critical attribute accurate quantification can be 
found in Lab-on-Chip microsystems.

Lab-on-Chip (LoC) is a novel technology that 
promises democratisation of access to diagnosis 
through the miniaturisation of biochemical anal-
ysis. LoC technology involves devices that incor-
porate several laboratory processes on a single 
substrate that has a dimension of a few square 
millimeters or centimeters. In this perspective, 
the term ‘chip’ does not strictly refer to the wide-
spread silicon chip but to any material that can 
serve as the substrate for the process integration 

(i.e. glass, polydimethylsiloxane (PDMS) and 
paper). It must be noted that the terms Lab-on- 
Chip and micro-Total Analysis System (μTAS) 
are used indiscriminately today. However, this 
was not always the case as μTAS was terminol-
ogy first introduced by Manz et al. [2] in 1990 to 
describe the integration of the total sequence of 
lab processes performed on micro-devices and 
later the term LoC has been used to denote a 
more general purpose device that still uses the 
μTAS technology [3]. Apart from the promise for 
low-cost and upscalable manufacturing, some 
other major advantages include lower application 
cost due to the relative ease of operation that does 
not require specialised staff, reduced chance of 
human error and faster diagnosis and response 
times, since everything is done automatically in 
handheld microchips. Hence, LoC is the technol-
ogy that has at its disposal strong characteristics 
which can advance Point of Need Testing (PONT) 
[4]: Improvement of PONT is an eagerly antici-
pated feature which will offer added value to the 
healthcare providers with evident gains as the 
transfer of specimens to laboratories ceases to be 
a requirement.

Although LoC is a well-proven laboratory 
technology, few products have managed to 
achieve a widespread commercial use, with the 
most well-known being the test strips known as 
lateral-flow tests introduced in the late 1980s 
(tests for cardiac markers, pregnancy and drug 
abuse) [5, 6]. Apart from the strong advantages 
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that LoC exhibits, there are also challenges to be 
addressed by engineers. The most significant 
drawback that LoC currently faces, is the lack of 
a mass manufacturing standard, preventing it 
from tackling the ASSURED criteria bottleneck 
(Affordable, Sensitive, Specific, User-friendly, 
Rapid and robust, Equipment free and Deliverable 
to end-users) [7]. Currently, there is not a manu-
facturing method that is perceived to be clearly 
advantageous over others. Thus, most LoC 
devices are not presently ready for mass produc-
tion at competitive costs and are still mainly rel-
evant to research laboratory settings.

Lab-on-PCB is currently considered as a 
promising strategy addressing this issue, due to 
its intuitive compatibility with electronics and the 
extensive experience in industrial manufacturing 
processes. In this chapter, we will extensively 
present Lab-on-PCB components and systems 
quantifying a variety of different analytes rele-
vant to potency testing and highlight the upscal-
ing potential this technology can introduce to the 
LoC field.

7.2  Lab-on-PCB

7.2.1  PCB Technology Overview

LoC can handle fluids of very small volume (pic-
olitres) transferring them across the chip’s sur-
face for analytical processes to perform functions 
such as pumping, mixing, filtering and sorting at 
the micro-scale. The delivery of the fluids to the 
specific sites on the chip is handled by microflu-
idics: a set of micro-channels etched or molded 
into a compatible material (glass, silicon or poly-
mers) [8]. The microfluidic channels are con-
nected to the outside macro-world via inlets and 
outlets pierced through the chip and connected to 
suitable tubing. A considerable handicap for the 
widespread use of LoC is the use of materials not 
ideally fitted for the mass production of high- 
performance devices. Silicon, glass, polydimeth-
ylsiloxane (PDMS) and paper are some of the 
most used materials in laboratories and have 
exhibited satisfactory results so far. However, 
silicon is too expensive for mass production 

when cm-scale LoC devices are needed, despite 
the advantage of a well-established manufactur-
ing infrastructure. Glass is transparent (conve-
nient for optical microfluidic testing) and 
biocompatible, but at the same time a relatively 
expensive material lagging in electronics integra-
tion. PDMS is cheap, transparent, biocompatible, 
flexible and versatile but similarly to glass, it 
lacks in electronics integration thus the cost 
becomes unviable for advanced quantification 
applications, such as potency assays. Paper is a 
fairly novel material for LoC [9] having exhibited 
moderate quantification sensitivity with more 
research required to unlock its full potential, 
especially in terms of microfluidic integration. In 
the near future, it is widely expected that LoCs 
will be routinely used in clinical practice. It is not 
surprising that governments and funding bodies 
are keen to support the rapid commercialisation 
of LoC: the global LoC market was valued at 
$4.23 billion in 2016 and is expected to reach 
$7.95 billion by 2022 [10]. That being said, cost- 
effective, scalable techniques have to be further 
explored to overcome the described LoC 
bottleneck.

PCB manufacturing is a mature industry, well- 
established for over 70  years. It has massively 
contributed to the evolution of consumer elec-
tronics by reducing the size and the cost of the 
circuitry. Contemporary PCB infrastructure is 
capable of a manufacturing precision and quality 
comparable to that of the micrometer-scale semi-
conductor industry. PCBs have evolved in com-
plexity, capable of multilayering with up to 50 
layers and a capacity to go beyond 100b [11, 12]. 
This technology can potentially extend the bene-
fits it introduced to the electronics industry to the 
LoC field, thus promising a similar impact on the 
broadening of consumer access to bioelectronics. 
More specifically, Lab-on-PCB offers straight-
forward electronics integration, eliminating the 
need for deposition methods that require expen-
sive clean-room facilities. Indeed, this applies not 
only to the electrical tracks and sensing elec-
trodes but also to the uncomplicated customisa-
tion of the device with electronic components 
often required for improved sensitivity and reli-
ability [13]. Commonly, this may include micro- 
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heaters, amplifiers, filters, optoelectronics and 
control circuitry. As it will be extensively pre-
sented here, microfluidic integration is achiev-
able with standard PCB industry equipment and 
practices (or newly developed PCB compatible 
approaches), facilitating production of devices 
ready to be used directly out of the factory. 
Interestingly, the usual dimensions of the micro-
fluidic features incorporated in the bioelectronic 
devices are in the range of 50 μm–100 mm [14]. 
This characteristic perfectly matches the standard 
PCB machinery capabilities making redundant 
the highly precise and complex Si technology 
offering nm-scale features [15]. Another conve-
nient asset of the PCB industry is the fabrication 
of flexible printed boards, equally useful in bio-
sensing applications. Environmental concerns 
about the disposability of Lab-on-PCBs are alle-
viated by the already established recycling facili-
ties and standardised processes of the PCB 
industry.

Hence, it is suggested that the sought-after 
radical change in the clinical analysis and diag-
nostic testing fields towards a non-laboratory 
scheme can be realised by the industrial-scale 
compatible technology of PCBs.

7.2.2  Early Prototypes

In 1996, Lammerink et al. demonstrated for the 
first time the Mixed Circuit Board (MCB), 
expanding the conventional PCB to a microflu-
idic platform [16]. Just 1 year later, Jobst et al. 
[17] promptly reported the implementation of the 
PCB in biosensing applications. The PCB was 
used as a platform to accommodate the counter 
electrode for the glucose-lactate three electrodes 
sensor and the electronic interface with the poten-
tiostat. Photo-patterned spacers were necessary 
to create the flow through cell. The sensor array 
was made on a glass carrier by means of thermal 
evaporation and the latter was used to seal the 
channel. Expanding on this work, Petrou et  al. 
fabricated a micro-device for continuous sam-
pling and monitoring of glucose [18]. They 
stressed that the sensor was produced by thin film 
technology, whereas the fluidic paths were photo- 

patterned onto a thin film photoresist using con-
ventional printed circuit equipment rather than 
relying on any silicon processing facility. In the 
same way, a glass chip was bonded with adhesive 
to seal the fluidic device. Similarly, Nguyen and 
Huang [14, 19] demonstrably introduced micro- 
machined peristaltic and diffuser/nozzle pumps 
on a PCB substrate by integrating piezoelectric 
discs on the PCB pump chamber, focusing on 
lowering the packaging cost but this included 
processing steps not related to the standard PCB 
manufacturing technology.

Pagel’s group pioneered the proposal of 
microfluidic integration in the standard PCB 
manufacturing technology. In their 1999 work 
[20], the fluidic layers were inserted in the board 
with the same processes used to form the elec-
tronic layers. The basic principles were the cre-
ation of cavities between the copper tracks to 
form the channels and the attachment of a second 
board to cover the PCB using epoxies (Fig. 7.1). 
The introduction of micro-channels, valves, heat-
ers and fluid reservoirs on one common PCB was 
proposed to minimise the analytical micro- 
system manufacturing costs, compared to the 
considerably more expensive option of silicon 
and LIGA technology. In one of their next arti-
cles, Wego and Pagel [21] demonstrated a more 
sophisticated PCB-based device that incorpo-
rated flexible parts by introducing a thin poly-
meric Kapton membrane layer between the PCB 
layers. This enabled the formation of pumps and 
actuators. In this direction, they further revealed 
a capacitance device capable of detecting gas 
bubbles in the microfluidic channel, a pH- 
regulation system keeping the physiological 
environment of cell cultures stable and a sensor 
for pressure differences [22]. It is important to 
note that all of the above was made feasible by 
following multi-layer PCB technology proce-
dures, utilising conventional double-sided 
copper- plated rigid base material (FR4). The 
channels and the fluidic structures were devel-
oped in the ‘sandwich’ formation between the 
two individual PCBs, as Fig. 7.1d depicts.

Since then, the appealing relative low cost and 
upscaling prospects of the PCB industry have 
attracted more interest in developing microfluidic 
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Fig. 7.1 Principles integrating PCB technology with flu-
idic microsystems. (a) Integration of electronic and fluidic 
components on one common PCB cross-section, (b) 
Fluidic system of different elements in PCB technology, 
cover board is shown lifted up, (c) Fluidic channels in 

PCB-technology. The cover board is in glass top view 
(Reprinted from Merkel et  al., [20], copyright 1999, 
Elsevier publisher), (d) Principle of fluidic microsystems 
based on PCB technology. (Reprinted from Wego et al., 
[22], copyright 2001, IOP Publishing, Ltd)

sensing devices. For example, Gong and Kim 
[23] in 2008 reported the building of digital (i.e. 
drop-on-demand) microfluidic plates based on a 
PCB, dispensing picoliter to nanoliter drops on 
demand directly in the liquid-filled channels of 
the polymer chip. Their electrowetting-on- 
dielectric (EWOD) chip required a 2-D electrode 
pads pattern in which multilayer electrical access 
lines were created inexpensively using the mature 
PCB technology. They managed to create a chip 
with comparable performance to those on pol-
ished glass or Si substrates and due to its low 
production-cost it was suitable even for dispos-
able applications. Most notably, the authors 
claimed the PCB manufacturing technology 
incurred fabrication costs that were 1000 times 
lower than the typical fabrication cost/cm2 for the 
IC industry. Introducing further development, 
Pittet et al. [24] fabricated an electrochemilumi-
nescence (ECL) microfluidic device with inte-
grated PCB electrodes to sense H2O2, obtaining a 
100 nM limit of detection. They used a pair of 
gold/Ag/AgCl electrodes as cathode and anode 
for the electrochemical reaction. The Ag/AgCl 

electrode was fabricated on top of the standard 
gold PCB electrode by depositing Ag and then 
oxidising in AgCl. Apart from the cost-effective 
advantage that the PCB technology offered, the 
authors highlighted the low resistance of these 
electrodes on insulator substrates, making them 
suitable for withstanding large currents com-
pared to the thin-film electrodes. They also 
acknowledged the benefit of etching the solder 
mask to create the fluidic channels, concurrently 
within the same phase of the PCB manufacturing 
process as the electrodes.

7.2.3  Materials and Processes 
for Microfluidic Integration

7.2.3.1  Hybrid Polymer/Si – PCB 
Integration Approaches

More recently, an alternative technique for fluidic 
channel formation was proposed by Gassmann 
et  al. [25] by making the channel from a thick 
(2 mm) polycarbonate (PC) layer adhered to the 
PCB by an acrylic glue transfer tape. This design 
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was specifically selected to satisfy the require-
ment of the thermal treatment of seawater to 
totally isolate the sample from the copper layer 
(with the acrylic glue). There are a plethora of 
approaches that combine the PCB substrates and 
processes, mainly as the host for the electronic 
connections, with materials that require non- 
compatible processes to the PCB industry for the 
fluidic channels/components construction. For 
example, Ortiz et  al. [26] provided a proof of 
concept assay utilising one of the first hybrid sys-
tems to combine a PCB packaged silicon micro-
electromechanical system (MEMS) with polymer 
microfluidics for cancer diagnosis. Particularly, 
the core sensing element of the device was a sili-
con MEMS mass sensor employing a circular 
diaphragm resonator (CDR), with suitable sur-
face functionalisation converting it into a label- 
free BioMEMS analyte sensor. The MEMS 
devices were mounted onto a rigid-flex PCB to 
establish electrical connections and a biocompat-
ible epoxy layer encapsulated the CDR loaded 
PCB, leaving uncovered only the functionalised 
sensing diaphragm area. The packaging process 
was finalised when the chip was inserted in a dis-
posable microfluidic cartridge. The final device is 
shown in Fig. 7.2. It is noteworthy that this work 
was funded by the European Commission as part 
of the SmartHEALTH Integrated Project consor-
tium to address the high-cost issues of 
healthcare.

Some research groups have reported that the 
adoption of non-standard PCB industry materials 
such as SU-8, PDMS and PMMA enabled them 
to develop the required characteristics for their 

devices. For instance, Kontakis et al. [27] formed 
fluidic micro-channels with polymer walls on top 
of a PCB-based chip to develop a thermal flow 
sensor. For this application, the thermal isolation 
of the sensing electrodes was crucial for high 
sensitivity and extending the sensor working 
range. Apart from the superior thermal resistivity 
of the PCB compared to the typical Si-based 
MEMS thermal flow sensors, the usage of poly-
mer materials further enhanced the thermal isola-
tion. The process steps are summarised in 
Fig. 7.3a and the micro-channel with the sensing 
electrodes are shown in Fig. 7.3b. An SU-8 layer 
was lithographically created on top of the PCB 
substrate, alleviating the height inconsistencies 
of the PCB surface. The Pt resistors were then 
sputtered and vias were made to connect them 
with the copper tracks under the previously 
formed SU-8 film. At this point, a thicker SU-8 
film (100  μm) was spin-coated and the fluidic 
channel was defined by performing lithography. 
Finally, insulation of the channel was performed 
by spin coating a thin PMMA layer (1 μm) and a 
thick PMMA plate (3 mm) was thermally bonded 
on both sides of the chip to seal it. Similarly, Wu 
et al., from the University of California, Berkeley 
[28], devised a modular chip for the integration 
of Hall effect sensors into a programmable micro-
fluidic format for the automated detection of 
magnetically labeled serum protein–PAH 
adducts. A thin, flexible PCB was used for the 
electronics part of the device and multiple layers 
of PDMS and glass comprised the fluidic chan-
nels, the valve membrane and the pneumatic 
valve actuation. Several non-PCB compatible 

Fig. 7.2 A disposable microfluidic cartridge device. (a) 
Microfluidic cartridge containing the CDR loaded PCB. 
(b) The instrument manifold: electrical and fluidic inter-

faces can be observed. (c) Microfluidic cartridge clamped 
on manifold prototype. (Reprinted from Ref. [26], copy-
right 2008, SPIE)
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Fig. 7.3 Flow microsensor fabrication incorporating 
PCB. (A) Main fabrication steps of PCB-based flow sen-
sor: (a) patterned PCB, (b) SU-8 planarisation layer, (c) Pt 
sputtering and lift-off. Formation of the Pt sensing ele-
ments, (d) Thick SU-8-layer spin coating, (e) lithography 
definition of the microchannel, (f) PMMA spin coating, 
(g) lamination of the PMMA plate (Plexiglas) on the SU-8 
surface. Sealing of the microchannel’s upper surface. (B) 
A photograph of microfluidic integration of the microsen-
sor. (Reprinted from Ref. [27], copyright 2009, Elsevier 
publisher). (C) Cross-sectional diagram (not to scale) of 
the integration of microfluidic structures with small sili-
con chips. Photolithographically patterned openings in the 

thin encapsulating polymer layer expose the sensitive 
areas of the silicon chip to the fluid. (D) The assembled 
prototype with PDMS microfluidic channel full of red ink 
solution. Detail of the channel over the chips before 
injecting ink in the channel. (Reprinted from Ref. [31], 
copyright 2012, IOP Publishing, Ltd). (E) Top: Integrated 
device with a temperature sensor, ISFET and reference 
electrode on a printed circuit board with a heater on the 
back. Bottom: Cross-sectional diagram of the overall 
design of the device from the front view (the figure is not 
to scale). (Reprinted from Tseng et  al. [32], copyright 
2015, Elsevier publisher)
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processes were employed here again, such as 
spin-coating and chemical vapor deposition, ren-
dering this a hybrid approach too.

Similar achievements on microfluidic fabri-
cation from SU-8 or analogous materials on the 
PCB platform include the development of an 
electroosmotic micropump [29], a flow sensor 
based on a paddle wheel [30] and an array of 
electrochemical sensors along with provision 
for sample preparation [30]. Particularly, 
Gassmann et al. [30] highlighted the added ben-
efit of higher resolution (down to 1 μm) for flu-
idic structures when using SU-8 in comparison 
to the plain copper etching method (around 
50 μm).

Burdallo et  al. [31] adopted a more radical 
approach when hybridising the PCB field with 
the established silicon microtechnology. They 
envisaged the integration of solid-state sensors 
and actuators fabricated on silicon with molded 
microfluidic structures on the PCB.  The PCB 
acted as a hosting plate for two silicon detection 
chips, including one Inter-Digitated Electrode 
(IDE) chip for conductivity and an Ion Sensitive 
Field-Effect Transistor (ISFET) for pH measure-
ment. Figure 7.3c, d describes the encapsulation 
of the silicon in PCB chip. Diacrylate bisphenol 
A (DABA) photocurable polymer was used for 
the encapsulation. Consequently, a perfectly flat 
surface was generated onto which the microflu-
idic network was tightly sealed. They reported 
that this setup facilitated laminar flow on top of 
the sensors due to the minimised volume of the 
measurement chambers that in turn was made 
possible because of the shallow openings 
(∼44 μm deep) over the chips. In addition, they 
reported IDE and ISFET response results that 
were satisfactorily on par with the contemporary 
literature. Another successful integration of PCB 
and standard IC technology was presented by 
Tseng et al. [32]. The integrated device (Fig. 7.3e) 
included an ISFET for rapid (2 min) Glucose 6 
Phosphate Dehydrogenase (G6PD) deficiency 
screening, employing pH-based detection 
that incorporated a heater and a temperature con-
trol unit to ensure stable working temperatures. A 
PDMS well was attached on top of the ISFET to 
hold the sample.

7.2.3.2  Dry Film Photoresist Seamless 
Integration

The dry film photoresist is a PCB adopted tech-
nology as it is characterised by high yield and 
superior quality (uniform thickness) to the liquid 
photoresists [33]. The efficiency of this technol-
ogy is also better suited to the mass production 
philosophy of the PCB industry than the material 
wasting deposition processes (i.e. spin-coating) 
of the liquid state SU-8 and PDMS. A group from 
the University of California, Irvine [15] explored 
two alternative polymers, polyurethane and 
1002F, to construct the microfluidic channels. 
Their main argument was that the material within 
which the microfluidic channel was patterned, 
i.e. in the metal or solder mask layer, might raise 
an issue on biocompatibility. Avoiding any sur-
face treatment that risked contamination and to 
promote biocompatibility, they supported the pla-
narisation with a polymer layer that provided a 
flat, biocompatible surface for microfluidics. 
Both 1002F and polyurethane were applied with 
standard PCB techniques and notably, polyure-
thane did not require lithography. The authors 
performed electroosmotic flow measurement in 
micro-channels, demonstrating the suitability of 
these materials for biochemical and electrochem-
ical applications. During the same period, they 
also reported [34] development of a microfluidic 
PCB device employing the 1002F dry photore-
sist. This same approach allowed implementation 
of sample lysis and a capillary-based separation 
termed isotachophoresis (ITP) of the target 
nucleic acid for detection of malaria. Interestingly, 
Guijt et al. [35] laminated Ordyl dry film photo-
resist with an office laminator to obtain a smooth 
surface on top of the detection electrodes and 
then produced two versions of LoC devices capa-
ble of detecting capacitively coupled contactless 
conductivity. The first option provided reusable 
detectors to be bonded to a separate microfluidic 
network formed in a PDMS chip, whilst the sec-
ond option provided integrated detectors whereby 
the microfluidic network, created by subsequent 
lamination and lithographic steps of the dry film 
photoresist, was irreversibly sealed to the detec-
tor. Both designs demonstrated comparable per-
formance to previously reported detectors 
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fabricated by more costly advanced and sophisti-
cated fabrication processes.

From the above-described studies, it is evident 
that Lab-on-PCB may be considered a promising 
platform for biosensing applications. It is thus 
logical that more effort has been focused recently 
on further optimisation of a PCB industry- 
compatible integration of the different device 
components. Franco et al. [36] developed a PCB 
compatible technique for bonding the PCB sub-
strate to a polymeric solid material for microflu-
idic integration. Particularly, they used PMMA 
but this can be easily extended to PC, polyethyl-
ene terephthalate (PET) and cyclic olefin copoly-
mer (COC). Instead of using a glue or/and 
adhesive tape for the bonding, they developed a 
thermal method as they argued that this technique 
was more pragmatically oriented towards mass 
production. A copper microheater provided the 
energy to temporarily melt the plastic and the 
bonding was completed after it solidified again. 
They further applied this technique on fabricat-
ing the first reported normally open PCB-based 
microvalve [37]. This was done by incorporating 
an additional copper microheater, placed under 
the channel. The generated heat melted the 
PMMA which in return blocked the channel.

7.2.4  Advanced Quantification 
Diagnostic Device Examples

7.2.4.1  PCR Modules
Adding to the proven benefits of PCB implemen-
tation and the experience/knowledge regarding 
successful manufacturing methods, there has 
progress in the development of self-sufficient 
PCB-based diagnostic devices incorporating the 
previously described individual modules (e.g. 
mixers, pumps, etc.) with increasingly reported 
benchmarks matching standard, non-PCB 
devices or traditional benchtop methods. At 
Stanford University, Marshall et  al. [38] inte-
grated mixing, thermal lysis of whole blood and 
nucleic acid isotachophoresis extraction- 
purification on a single PCB chip with microflu-
idic structure made from polyurethane. Their 
results were comparable to those obtained using 

standard off-chip lysis and a glass capillary for 
ITP [39]. The validation of their on-chip lysis and 
extraction was performed with off-chip quantita-
tive polymerase chain reaction (qPCR). Given 
the powerful relevance of amplifying specific 
regions of DNA by PCR for biosensor applica-
tions, miniaturisation of the underlying technol-
ogy has been explored. The integration of micro 
PCR (μPCR) in a PCB-based device that is also 
capable of sample preparation and subsequent 
DNA detection was first reported in 2004 by Liu 
et al. [40]. The device consisted of three modules 
(Fig. 7.4b): (i) the plastic chip which included a 
mixing unit for cell capture using immunomag-
netic separation, (ii) a cell pre-concentration/
purification/lysis/PCR unit and (iii) a DNA 
microarray chamber; comprising a PCB with 
Peltier heaters and control circuitry and a second 
PCB chip with 4 × 4 gold electrodes, where the 
target DNA hybridisation took place (Motorola 
eSensor). The plastic chip was micromachined in 
PC and was sealed by another (500 μm thick) PC 
cover via solvent assistant thermal bonding. The 
valves were made by melting and re-solidifying 
paraffin while the three boards were attached 
together by means of double-sided adhesive tape.

On a similar quest, Moschou et  al. [41, 42] 
presented a more PCB industry compatible μPCR 
device, whereby the fluidic compartments were 
made by laminating polyimide films (Dupont 
PC1015) on the PCB board and the micro-heaters 
were made on the copper layer (Fig. 7.4b). The 
μPCR module fed a label-free, silicon-based, 
capacitive DNA-sensor for mutations of the 
KRAS gene, of diagnostic significance for colon 
cancer. Compared to earlier studies this device 
was simpler, requiring an external instrument for 
fluid pumping and temperature control of the 
integrated micro-heaters for the μPCR steps. 
Subsequent development focused on deriving an 
efficient array of micro-heaters with a combined 
temperature sensing/heating feature, employing 
also simulations to ensure uniform temperature 
across each PCR zone (denaturation, extension, 
annealing) with no thermal cross-talk between 
the zones while achieving comparable DNA 
amplification results to commercial bench-top 
thermocycler in a shorter time [43]. This continu-
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Fig. 7.4 Integrated lab-on-PCB device. (a) Left: 
Schematic of the plastic fluidic chip. Pumps 1–3 are elec-
trochemical pumps, and pump 4 is a thermopneumatic 
pump, Right: Photograph of the integrated device that 
consists of a plastic fluidic chip, a printed circuit board 
(PCB), and a Motorola eSensor microarray chip. 

(Reprinted from Ref. [40], copyright 2004, American 
Chemical Society). (b) Lab-on-PCB chip featuring μPCR 
and DNA-silicon sensor with laminated polyimide films. 
(Reprinted from Moschou et  al. [42], copyright 2013, 
SPIE)

ous flow μPCR device was further improved by 
the same group in terms of amplification speed 
and power consumption, providing a means for 
developing portable, battery-operated μPCR [44, 

45]. The achievement of robust sealing (with-
standing 12 bars), retaining complete PCB manu-
facturing processes compatibility, enabled the 
group to increase the channel length and the flow 
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velocity (15  mL/min) further, consequently 
decreasing the amplification time to only 2 min, 
rendering it one of the fastest PCR devices in the 
literature regardless of the material [45].

Although the concept of creating the microflu-
idic channels in the PCB was ideal for continuous 
flow μPCR applications, due to the low thermal 
conductivity of the material (required for 
 consistent fixed temperatures at the three indi-
vidual μPCR areas), an alternative approach for 
static μPCR has involved microfluidics in a sepa-
rate PMMA formation on the PCB chip [46, 47] 
introducing interesting solutions (ranging from 
added copper layer to active fan cooling) to miti-
gate the higher thermal mass and the need for low 
thermal inertia (static PCR requires thermal 
cycling). Indeed, this highlights the significant 
growing interest in the Lab-on-PCB approach.

Tseng et  al. [48] followed a different 
approach for microfluidic integration of a qPCR 
device on PCB.  After constructing a three- 
electrode electrochemical sensor with copper 
tracks as heating elements, they adhesively 
bonded a commercially supplied sterilised 
chamber on top of the board to hold the fluid for 
the qPCR. In addition, the droplet-based micro-
fluidics on PCB could be highly suitable for 
DNA amplification as the copper electrodes 
used for electrowetting could be simultaneously 
used as heaters for the amplification process. 
This idea was recently applied to human papil-
lomavirus (HPV) diagnosis [49].

7.2.4.2  Advanced Bio-Sensing Devices
Advancing PCB devices that specifically focus 
on biological sensing (as shown in Table 7.1), a 
carbon nanotube-based PCB electrode array 
demonstrated a state-of-the-art sensing perfor-
mance, achieving simultaneous amperometric 
detection of lactate and glucose [50], just one of 
several increasingly sophisticated carbon-based 
sensors made possible by adopting the latest 
manufacturing technologies (Fig.  7.5a). Inkjet- 
printing was employed to deposit graphene on 
the working electrode of a flexible PCB electro-
chemical sensor for wearable bio-electronics 
designed for continuous glucose sensing [51]. 
Gold nanoparticles have been electro-deposited 

on graphene to enhance the sensitivity, reaching a 
0.3 mg/dL limit of detection (LOD).

Ultrasensitive protein detection by PCB 
devices has also been accomplished. Jacobs et al. 
[52] sputtered ZnO on PCB chips to detect a pro-
tein biomarker for cardiovascular diseases. Their 
aim was to exploit the inherently nano-textured 
ZnO surfaces for electrochemical biosensing on 
the cost-effective PCB platform. Screen-printed 
silver electrodes were made by means of conven-
tional PCB technology to detect carcinoembry-
onic antigen (CEA) protein, a cancer biomarker 
[53]. A novel antibody-like biomimetic material 
has been used as a biorecognition element result-
ing in sensitive (pg CEA per mL), rapid (15-min 
maximum incubation period) and precise (5% 
signal change) performance at a tenth of the man-
ufacturing cost of traditional commercial devices.

Adopting alternative approaches, the coulter 
principle has been applied to enumerate tumor 
cells on a PCB chip [54, 55], showing compara-
ble performance to a commercial cytometer with 
the added benefit of PoC capability. Sanchez 
et al. achieved an impressive selectivity of seven 
breast cancer gene markers with LOD of 25 pM 
by multiplex amplification and detection of 
mRNA on gold PCB electrode-arrays [56]. 
Furthermore, Jolly et al. developed a DNA micro-
fluidic sensor by immobilising PNA probes on 
PCB gold micro-electrodes [57]. They researched 
two different industrially-applied PCB gold elec-
troplating technologies (soft and hard plating), 
reporting LOD as low as 57 fM, highlighting sig-
nificant achievements for electrochemical DNA 
sensing on PCB electrodes.

Paving the way for high-quality commercial 
products, Moschou et  al. [58] incorporated a 
commercially available assay for IFN-gamma 
immunosensing into a double-layer PCB chip, 
that consisted of a reference electrode layer (sil-
ver plated) and a sensing electrode layer (gold 
plated). The first layer also included cylindrical, 
gold-plated micro-chambers for solution han-
dling. The described chip is shown in Fig. 7.5b. 
This platform was later upgraded to a microflu-
idic one, optimised for microfluidic diffusion 
kinetics [59]. These studies were two of several 
assisted by partnerships between academia and 
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Fig. 7.5 Examples of integrated microfluidic channel 
applications on PCB. (a) Photograph of the array chip 
used for multi-biosensors base. The four gold rings are to 
be modified to work as Ag/AgCl reference electrodes, the 
four larger disk electrodes within the ring electrodes work 
as counter electrodes, the 16 smaller disk electrodes are to 
be fabricated as lactate, glucose sensors and sensor layers 
without enzyme as interference detection sensors. 
(Reprinted from Ref. [50], copyright 2013, Elsevier pub-
lisher). (b) Commercially fabricated micro-chambers 

used for IFN-γ detection. (Reprinted from Ref. [58], 
copyright 2016, Elsevier publisher). (c) PCB-chips for 
dielectrophoresis. Circular and square-shaped copper 
electrodes plated with nickel and gold to minimise elec-
trochemical oxidation on the electrodes. (Reprinted from 
Ref. [63], copyright 2015, SPIE). (d) 3D schematics of the 
USB-driven microfluidic device on a PCB (U-Chip). The 
inset shows the fabricated U-chip on a PCB with a stan-
dard USB interface. (Reprinted from Dong et  al., [68], 
copyright 2013, Royal Society of Chemistry publisher)

the PCB industry [4, 33, 47, 60–62] showing the 
up-scaling potential of the PCB platform for LoC 
applications.

PCB devices in the LoC field have also been 
purposed for dielectrophoresis using nickel and 
gold plated electrodes [63] (Fig. 7.5c), 3D micro-
electrode arrays (MEA) for the detection of elec-
trical signals from cells or tissues [64], electrical 
impedance spectroscopy (EIS) for tumor cells 
detection [65], thermopneumatical actuation of 
single use microvalve [66] and a surface acoustic 
wave (SAW)-based acoustofluidic PCB device 
[67]. A particularly interesting application of 
integrated microfluidic channels on the PCB 
(although sealed with a glass chip) was devel-

oped by Li et al. [68] whereby the copper elec-
trodes were used to generate oil-water emulsions 
by electrolysis (Fig. 7.5d).

7.2.5  Recent Developments in Lab- 
on- PCB Commercially 
Relevant Issues

The engagement of the PCB platform for use as 
an integral part of biosensing applications, 
advancing the Lab-on-PCB concept, was evi-
denced by detailed studies that focused on PCB 
material characterisation and quality control of 
properties, aiming to render more reliable and 
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Fig. 7.6 Computer assisted design software facilitates microfluidic design. A passive micro-mixer component and its 
inlet designed in Altium® and a microfluidic footprint library that includes various components

robust sensors, suited for commercial use. Stable 
PCB Ag/AgCl electrodes could serve as biosen-
sor integral reference electrodes [4, 82] and long- 
term hydrophilisation stability of FR-4 would be 
advantageous for passive microfluidics [61, 83]. 
More specifically, the PCB reference electrodes 
demonstrated stable open circuit potential behav-
ior under continuous buffer flow of various pH 
values and the suitably treated FR-4 surfaces 
retained their hydrophilic properties for at least 
26 days.

Furthermore, unification of electronic and 
microfluidic manufacturing processes in the PCB 
industry mandates the same unifying practice in 
the design phase. Hence, adoption of the PCB 
industry standard CAD software to design the 
microfluidic structures of the Lab-on-PCB plat-
form represents a very welcome recent ambition 
[84, 85]. Essentially, this achieves merger of 
electronic and microfluidic design within a single 
computer assisted design (CAD) platform result-

ing in improved communication with the factory 
and unhindered implementation of the design 
during the manufacturing phase. Key steps in the 
realisation of this idea involve the layer stack 
manager configuration and the design rule check 
(DRC) set of the CAD software to facilitate the 
microfluidics design along with the creation of 
libraries dedicated solely to the microfluidic and 
sensing components (Fig. 7.6).

7.3  Conclusion

An extensive overview of PCB-based LoC proto-
type development by the research community, 
reveals an evolution from mostly individual com-
ponents present in pioneering devices, to two 
decades of enhanced integration, establishing 
more complex and self-sufficient platforms serv-
ing the μTAS approach. The Lab-on-PCB plat-
form can successfully accommodate most 
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diagnostic related application, enabling highly 
accurate analyte quantification at the point of 
need, ideal characteristics for potency assay 
applications. Highly advantageous features of 
Lab-on-PCB technology are the long-standing 
industrial infrastructure, established appropriate 
micro-fabrication capabilities and the intuitive 
electronics integration. Research focus on manu-
facturing techniques and materials for integration 
of microfluidics with mature and established 
PCB industry practices, has achieved successful 
proofs of principle in recent years. In several 
cases, the microfluidic integration is accom-
plished by bonding the fluidic compartment, usu-
ally made from glass/PMMA/PDMS, onto the 
PCB chip housing the electronics. Alternatively, 
channel formation directly on the PCB, i.e. by 
metal etching, essentially using the metallic lay-
er’s thickness as the channel’s walls, introduces a 
holistic integration simplicity that distinguishes 
of the Lab-on-PCB LoC field. These hallmarks 
lay foundation for the full exploitation of the up- 
scaling advantages that the PCB platform offers 
with promise for cost-effective potency assays. 
Use of graphene ink drop-casted to form a tran-
sistor channel helped establish the first example 
of an electrolyte gated field-effect transistor 
(FET)-based PCB biosensor [86] introduces ver-
satility for sensitive measurement of a broad 
range of potential biomarker types [87].
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8Release Assays and Potency Assays 
for CAR T-Cell Interventions

Juliana Dias, Amaia Cadiñanos-Garai, 
and Claire Roddie

8.1  Introduction

Chimeric antigen receptor (CAR) T-cells are con-
sidered “living drugs” and offer a compelling 
alternative to conventional anticancer therapies. 
Briefly, T-cells are redirected, using gene engi-
neering technology, toward a specific cancer cell 
surface target antigen via a synthetic CAR pro-
tein. CARs have a modular design comprising 
four main structures: an antigen-binding domain, 
a hinge region, a transmembrane domain, and 
one or more intracellular signaling domains for 
T-cell activation (Fig. 8.1) [71, 81]. The antigen- 
binding domain is typically composed of a 
single- chain variable fragment, derived from a 
monoclonal antibody, providing specificity 
against the desired antigen.

CD19-targeting is at the forefront of CAR 
T-cell technology development. This antigen is 
highly expressed across different types of B cell 
malignancies, but virtually absent outside the 
B-cell compartment and its expression is con-
fined to the B cell development stages but lost 
upon terminal differentiation into plasma cells. 
These characteristics confer a high specificity 
and high coverage that is ideal for CAR T-cell 
therapy targets [93]. The unprecedented responses 
observed in clinical trials using CD19-targeting 
CAR T-cells have led to U.S.  Food and Drug 
Administration (FDA) approvals for four differ-
ent CAR T-cell products for relapsed/refractory 
(r/r) B-cell malignancies: YESCARTA™  
(axicabtagene ciloleucel), KYMRIAH™ (tisa-
genlecleucel), TECARTUS™ (brexucabta-
gene autoleucel), and most recently, BREYANZI® 
(lisocabtagene maraleucel) [62].

The CAR T-cell field is rapidly evolving: a 
growing number of new targets and indications 
are under development, such as B-cell maturation 
antigen (BCMA) for multiple myeloma, CD30 
for Hodgkin’s lymphoma, and CD20/CD22 for 
B-cell malignancies [94], with the first BCMA- 
targeting therapy, ABECMA (idecabtagene 
vicleucel), recently approved by the FDA [69]. 
CAR T-cells for application in solid tumor oncol-
ogy are also the subject of intense investigation, 
posing additional challenges in overcoming the 
immunosuppressive tumor microenvironment, 
and low-expression/promiscuous target antigens. 
Despite this, encouraging results have been 
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Fig. 8.1 Structure of chimeric antigen receptors (CAR). 
(a) The core structure of a CAR, highlighting its main 
components: the extracellular domain (responsible for 
antigen recognition), the transmembrane domain, and the 
intracellular domain (endodomain). The antigen- 
recognition domain is a single-chain fragment variant 
(scFV) generally composed of the variable light and 
heavy chain regions of an antigen-specific immunoglobu-
lin separated by a flexible linker. This is linked to the 
transmembrane domain through the hinge. This spacers 
region generally supplies stability and flexibility for effi-
cient CAR expression and activity, and it is often derived 
from the structure of immunoglobulins. The endodomain 
contains the intracellular motifs that enable downstream 
signaling proteins to be recruited and phosphorylated 
upon antigen binding for T-cell activation. Most CARs 

contain the intracellular domain of CD3ζ, which contains 
three immunoreceptor tyrosine-based activation motifs 
(ITAMs), as well as different co-stimulatory domains 
(e.g., CD28 and 41BB). (b) Evolution of the development 
of CARs from the first generation, which contained only 
ITAM motifs in the intracellular domain. Introduction of 
one (second generation) or more (third generation) co- 
stimulatory domains were crucial for the success of CAR 
T-cell therapies. New CARs are now under development 
to further improve efficacy by introduction of constitutive 
or inducible chemokines (e.g., IL-12) (fourth generation) 
or intracellular domains of cytokine receptors (fifth or 
next generation). (Image reproduced from Tokarew et al. 
[82] under the terms of the Creative Commons CC BY 
license (http://creativecommons.org/licenses/by/4.0/))
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observed with EGFR, HER2, mesothelin, MUC1, 
and EpCAM CAR targeting for a broad range of 
indications [54].

Manufacturing protocols for CAR T-cell prod-
ucts vary between products and institutions but 
are always governed by the principles of good 
manufacturing practice (GMP). Briefly, patient 
T-cells are harvested (using apheresis) followed 
by enrichment, activation, and transduction steps 
ex vivo, typically using a viral vector as a trans-
gene delivery system. Transduced T-cells are 
expanded for 6–22 days ex vivo to obtain the tar-
get therapeutic dose and subsequently cryopre-
served while awaiting completion of quality 
control testing, batch certification, and release to 
the patient [71].

A major challenge in the CAR T-cell manu-
facturing field is balancing product quality with 
scalability and cost-effectiveness, especially 
when transitioning from an academic clinical 
trial into a marketed product, to be implemented 
across many collection, manufacturing, and treat-
ment sites. Achieving product consistency while 
circumnavigating the intrinsic variability associ-
ated with autologous products is an additional 
barrier. To overcome these limitations, a robust 
understanding of the product and its biological 
actions is crucial to establish a target product pro-
file with a defined list of critical quality attributes 
to be assessed for each batch prior to product cer-
tification. Additional challenges arise as the field 
progresses, such as new safety considerations 
associated with the use of allogenic T-cells and 
genome-editing tools.

In this chapter, we will discuss the release and 
potency assays required for CAR T-cell manufac-
turing, covering their relevance, current chal-
lenges, and future perspectives.

8.2  Regulations and 
Requirements for Quality 
Control Testing and Batch 
Release

CAR T-cell therapies are considered advanced 
therapy medicinal products (ATMPs) in Europe, 
under the scope of the European Commission 

(EC) regulation 1394/2007 (as amended) and 
must be manufactured following the Guidelines 
on Good Manufacturing Practice specific to 
Advanced Therapy Medicinal Products 
(EudraLex, Volume 4, Part IV, 2017) [24]. In the 
United States, these therapies are regulated by 
the FDA Office of Tissues and Advanced 
Therapies of the Center for Biologics Evaluation 
and Research [53].

Both the FDA [53] and the European Medicines 
Agency (EMA) [16] have historically published 
guidelines for cell and gene therapy that are appli-
cable, although not specific, to CAR T-cell prod-
ucts. The FDA’s “Considerations for the 
Development of Chimeric Antigen Receptor 
(CAR) T-Cell Therapies” was released on March 
2022 and a revised version of the EMA Guideline 
on quality, nonclinical, and clinical aspects of 
medicinal products containing genetically modi-
fied cells came into effect in June 2021 and covers 
more details pertinent to CAR T-cell therapies [26].

Due to the rapidly evolving nature of the field, 
diversity of manufacturing practice, product 
complexity, and critical knowledge gaps con-
cerning the biological action and the determinant 
features associated with clinical efficacy and 
safety of CAR T-cell therapies, it is challenging 
to establish harmonized and consolidated guide-
lines that apply to the entire industry. Furthermore, 
compendial testing methods are often not suit-
able for analysis of this type of product, so alter-
native assays should be validated.

In general, rigorous characterization studies 
throughout the earlier stages of development for 
each individual CAR T-cell product are essen-
tial to identify critical quality attributes, i.e., 
molecular and biological characteristics found 
to be necessary to ensure product safety and 
efficacy. These should cover the determinants of 
product safety, identity, purity, and potency that 
will form the requirements for final batch release 
(Table  8.1). A certificate that summarizes the 
test methods used, the corresponding test 
results, and the acceptable range must be pro-
vided for release of each batch. Specifications 
should be appropriate to the stage of product 
development and should be refined and tight-
ened as product development progresses toward 
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Table 8.1 Typical release assays for CAR T-cell products

Category Quality attribute Usual assays
Safety Sterility Compendial culture methods (USP <71> and Ph. Eur. 2.6.1)

BACTEC and BacT/ALERT (Ph. Eur. 2.6.27)
qPCR methods under validation
Combination of rapid and in-process testing in case of conditional product 
release (short shelf-life)

Mycoplasma Compendial culture method (USP <63> and Ph. Eur. 2.6.7)
qPCR assays

Replication competent 
virus (RCR/RCL) (when 
using viral vectors)

Amplification using permissive cell line and cell-based indicator assay
Alternative PCR assays may be considered appropriate for release testing

Vector copy number qPCR
Droplet digital PCR for single-cell resolution

Identity CAR expression Flow cytometry (anti-idiotype antibodies, anti-Fab antibodies, Protein L, 
antigen-Fc detection reagents, marker gene expression)
qPCR

CD3 expression (or 
relevant target cell 
population)

Flow cytometry

Purity Endotoxin Limulus Amebocyte Lysate (LAL) assay (Ph. Eur. 2.6.14 and USP <85>)
Transduction efficiency Determination of percentual CAR+ cells as described above
Viability Flow cytometry

Vital dyes
Residual ancillary 
materials

Residual beads counted by validated morphology assay (microscopy)
Quantitative assays when required
Risk assessment to determine clearance of each substance during 
manufacturing

Residual infectious 
particles (when using 
viral vectors)

Transduction of permissive cell lines

Residual nontarget cells/
tumor burden

Flow cytometry panels, to be defined and validated according to 
manufacturing method and patient’s characteristics (e.g., residual CD14+ 
monocytes, CD19+ blasts, etc.)

Potency/
quantity

Dose level Flow cytometry determination of CAR+ cells detection and absolute 
counting methods (e.g., BD Trucount™)

Potency Cytotoxic potential Cytotoxicity against target expressing cell lines (usually assessed by 51Cr 
release)
INFγ secretion upon target exposure (flow cytometry, ELISpot)

Other determinants of 
product efficacy

Dependent on product characterization for identification of critical 
parameters that determine long-term response
May include analysis of surrogate markers, proliferative and migratory 
capacities, polyfunctionality, etc.

licensing. For Phase 1 trials, it is generally 
understood by the regulatory agencies that few 
specifications are finalized and that assays may 
still be under development. However, as a mini-
mum, specifications and acceptance criteria for 
product safety and quantity (cell doses) should 
be defined and an appropriate testing plan for 
characterization defined. It is also generally 
accepted that validation of analytical proce-

dures will not be complete at this stage. 
Nevertheless, methods should be  appropriately 
controlled, specific, sensitive, and reproducible 
and, whenever possible, compendial methods 
should be used. Furthermore, safety- related 
assays should be qualified prior to initiation of 
clinical trials [26, 86]. The quality attributes, 
most commonly assessed for CAR T-cell prod-
uct batch release, are discussed below.
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8.3  Safety

Safety testing must be in place for all Phase 1 tri-
als and usually includes assays to ensure prod-
ucts are free from microbial contamination, 
adventitious agents, and replication competent 
virus. These are outlined in detail below. 
Specifications with established acceptance crite-
ria must be defined based on the quality attributes 
of each specific CAR T-cell product and details 
of manufacturing methods and transgene delivery 
strategy should be considered.

Due to the rapidly evolving nature of CAR 
technology and clinical trials, the risks associated 
with novel products must be accordingly mapped 
to define critical quality attributes and appropri-
ate testing/assays to ensure product safety. 
Examples include fourth-generation CAR 
designs that combine direct tumor targeting with 
programmed cytokine secretion [13]; genome- 
editing tools that have the potential to induce (off 
target) double-stranded DNA breaks; and the 
immunological implications of off-the-shelf, 
allogeneic CAR T-cell products [41].

8.3.1  Sterility Assessment

In Europe and the United States, sterility testing of 
biopharmaceutical products is historically per-
formed as defined by USP <71> [88] and Ph. Eur. 
2.6.1 [15], with detection of microbial or fungal 
growth in test samples by turbidity assessment 
after 14 days of incubation. These time- consuming 
assays greatly increase the turnaround time of 
CAR T-cell products. Over recent years, automa-
tion and introduction of colorimetric and fluores-
cence-based CO2 measurements of metabolic 
activity (e.g., BacT/Alert 3D® and BD BACTEC™ 
systems) or adenosine triphosphate (ATP) detec-
tion by bioluminescence (Rapid Milliflex® 
Detection System) have increased the sensitivity 
of culture-based methods and permit faster detec-
tion of contamination when compared with stan-
dard methods. Further, the use of enriched aerobic 
or anaerobic media and incubation at 35–37 °C for 
a minimum of 7 days is an approach formally rec-
ognized by Ph. Eur. 2.6.27 [34].

The use of rapid and nonculture methods is 
also covered by the American legislation, under 
the Code of Federal Regulation (CFR) on 
“General Biological Product Standards” (21 CFR 
610) [85]. Any alternative methods must be vali-
dated (as covered by Ph. Eur. 5.1.6) [15] and 
results must be demonstrated to be equal or supe-
rior to the compendial references. PCR-based 
approaches for bacteria and fungi detection 
through amplification of highly conserved 
sequences, such as the bacterial 16S rRNA, are 
currently under development [83]. Although opti-
mization and comparability in sensitivity to the 
gold standard compendial tests are still to be 
determined, these methods are promising and 
have the potential to generate results within a few 
hours.

For products with a short shelf-life, product 
release prior to final sterility results can be 
accepted as part of a risk-based approach. The 
FDA mandate a combination of in-process steril-
ity controls, a rapid detection test (such as Gram 
staining) and final sterility assessment based on 
21 CFR 610 compliant methods, with a clear 
management strategy for positive results detected 
following product administration. This is not cur-
rently common practice for CAR T-cell therapies 
where products are cryopreserved prior to infu-
sion. However, disease progression (and in some 
cases patient death) during the manufacturing 
period represents a significant challenge, affect-
ing up to 13% of the patients in pivotal trials [36]. 
Shorter vein-to-vein times and the use of closed, 
automated manufacturing platforms (where the 
risks of in-process product contamination are 
considerably reduced) are of critical importance 
to the field.

8.3.2  Mycoplasma Detection

Mycoplasma contamination can arise from the 
use of cell culture reagents of animal origin, from 
the starting donor material, or the environment 
and personnel. Contrary to most bacterial con-
taminations, the presence of Mycoplasma does 
not always result in noticeable changes to cell 
culture turbidity or cell morphology and may go 
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undetected for several cell passages. To address 
this risk, a compendial culture-based assay using 
indicator cell lines and multiple cell passages is 
described by USP <63> [88] and Ph. Eur. 2.6.7 
[15], but this laborious and time-consuming test-
ing method is not well suited for release testing 
of single-batch cell products. Indeed, the use of 
alternative detection methods such as PCR-based 
assays is supported by the FDA and EMA for use 
in the CAR T-cell therapy space [84].

8.3.3  Replication Competent 
Lentivirus (RCL) or Retrovirus 
(RCR)

Retroviral and lentiviral vectors are commonly 
used in CAR T-cell manufacture as efficient tools 
for delivery of transgene to target cells. Viral vec-
tor design has improved significantly over the last 
decade, with safety features designed to reduce the 
likelihood of generating replication competent 
viral vector during the manufacture process. 
However, exposure to replication- competent lenti-
virus (RCL) or retrovirus (RCR) remains a theo-
retical safety concern for patients treated with 
CAR T-cell therapies. Recombination events could 
lead to the generation of novel, replicating viruses 
during CAR T-cell manufacture or post-infusion, 
posing a risk of genotoxicity and malignant cell 
transformation. To mitigate for this, recommenda-
tions for RCL/RCR testing include assessment of 
all viral vector lots, manufactured cell products, 
and monitoring patients post-infusion. Assays for 
RCL/RCR detection in the viral vector batch rely 
on the use of permissive cell lines such as the PG4 
cell line, which assumes a transformed phenotype 
in the presence of RCR, cultivated during multiple 
passages with the test material to support virus 
entry, amplification, and particle production [14]. 
The amplified material is then detected with a 
bespoke indicator assay, developed specifically for 
the vector under investigation.

For analysis of ex  vivo transduced cells for 
batch release, PCR-based assays may be consid-
ered appropriate, particularly when time con-
straints are present. The use of alternative assays 
should be defined based on a risk assessment and 

should be validated, with an appropriate limit of 
detection. Recent guidelines from both European 
and American regulatory bodies have introduced 
flexibility to the requirement for RCL/RCR test-
ing as part of final batch release. Indeed, RCR/
RCL testing can be omitted once sufficient man-
ufacturing and clinical experience is obtained to 
demonstrate that transduced cell products are 
consistently RCL/RCR-negative [87], or if the 
absence of RCL/RCR is demonstrated for each 
viral vector batch and generation of replicating 
virus during manufacture is ruled out by appro-
priate risk assessments [26]. Reassuringly, long- 
term safety data from multiple clinical trials 
using genetically modified cell products contin-
ues to accumulate, without evidence of RCR/
RCL, indicating that any associated risks are low 
[36, 49, 51].

8.3.4  Vector Copy Number (VCN) 
per Transduced Cell

When cells are transduced with integrating vec-
tors, the risk of insertional mutagenesis needs to 
be carefully considered. The risks are determined 
by several factors, including the insertion profile 
of the vector used, the vector design including the 
choice of enhancer and promoter sequences, the 
transgene product, and the vector copy number 
(VCN) per transduced cell.

Gammaretroviral vectors confer a risk of leu-
kemogenesis due to their pattern of integration 
near transcription start sites and proto-oncogenes. 
This is also a potential (lesser) risk for lentiviral 
vectors [26]. Available clinical data suggest that 
newer generation vectors strongly reduce the 
risks of insertional mutagenesis [57], neverthe-
less as the total number of transduced cell infu-
sions increases, the likelihood of infusing cells 
bearing at-risk insertions also increases.

Regulatory agencies require characterization 
of integration profile and integration sites to sup-
port marketing authorization applications. 
Analysis of VCN per transduced cell is a critical 
quality attribute determining product safety. 
Since VCN also has a direct impact on transgene 
expression, products must be carefully designed 
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to achieve a balance between safety and efficacy. 
Less than five copies per transduced cell is usu-
ally considered a safe limit [99].

VCN assessment of CAR T-cell products and 
patient peripheral blood during follow-up is usu-
ally performed by quantitative PCR (qPCR), 
although a recommended, standardized assay is 
yet to be defined [40]. Methods employing 
single- cell level analysis such as droplet digital 
PCR (ddPCR) have the advantage of allowing 
detection of cell-to-cell variability in the distribu-
tion of vector copies rather than an average of the 
whole cell population, thus allowing identifica-
tion of clones with a high number of integrations 
that could pose a higher risk [73].

8.3.5  Identity

Identity testing is required to identify a product 
and distinguish it from other products in the same 
facility. Most CAR T-cell therapies are patient- 
specific, autologous products and efficient trace-
ability systems must be in place from apheresis to 
the final cell product, such that the correct prod-
uct is infused to the correct patient.

For CAR T-cell products, identity assays 
include an assessment of specific cell populations 
such as CD3+/CD4+/CD8+ T-cells in addition to 
the intended genetic modification(s) by qPCR or 
flow cytometry. Transduction efficiency can be 
defined based on CAR expression or on the 
expression of marker genes, using polyclonal 
anti-mouse Fab reagents for CARs derived from 
murine scFv, anti-idiotype antibodies generated 
against specific binders or antigen-Fc detection 
reagents [40].

Immunophenotyping by flow cytometry is 
widely used in the clinical setting, but a lack of 
assay standardization remains. Promoting stan-
dardization is a priority for the field and efforts to 
address this include the definition of standard 
panels for evaluation of major immune cell sub-
sets, the availability of internal controls, the 
development of automated analysis strategies, the 
definition of proficiency assessment programs, 
and the requirement for accreditation of flow 
facilities by external agencies such as the UK 

National External Quality Assessment Scheme 
(UK NEQAS) system. The EuroFlow consortium 
[63] and the Human ImmunoPhenotyping 
Consortium [27] are examples of initiatives to 
streamline and standardize immunophenotyping 
assays, so that data can be compared across differ-
ent sites and studies. However, each CAR T-cell 
product has unique characteristics such that there 
may be a requirement to develop and validate new 
transduction efficiency assays for each new 
construct.

8.3.6  Purity

Purity is defined as the relative freedom from 
extraneous materials in the final product, except-
ing the drug substance and excipients. Purity cri-
teria should be defined according to the nature 
and intended use of the cell product, the manu-
facturing method used, and the consistency of the 
production process. Assays to demonstrate prod-
uct purity should be adequate to the phase of 
development and adjusted as data accumulates or 
whenever the manufacture process changes.

Process-related impurities may include media 
and supplements, growth factors and cytokines, 
antibiotics, activation and enrichment reagents, 
and vectors. These should be kept to a minimum 
in the final formulation. Risk assessment  
should consider the clearance of each substance 
throughout the manufacturing process and the 
risk to the patient upon infusion, setting quantita-
tive limits for the final product as appropriate. An 
example of the CAR T-cell space is residual acti-
vation beads, generally quantified by microscopy 
[84, 90].

Viral vectors require particular consideration. 
Calculations based on initial vector volumes 
added alongside the reduction ratio achieved 
(defined by the vector half-life, inactivation steps, 
and final dilution) can help to ensure that free 
infectious vector particles in the final product are 
reduced to negligible concentrations.

There are significant technical challenges in 
demonstrating absence of infectious viral parti-
cles in the final product and this is acknowledged 
by EMA [26]. Residual infectious particle 
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 concentration can be roughly detected using 
 permissible cell lines (HEK 293T cells), but for 
the purposes of environmental risk determina-
tion, theoretical calculations are generally 
accepted by the regulatory authorities. For lenti-
viral vectors, the Dutch Commission on Genetic 
Modification (COGEM) proposed a formula 
based on  available experimental data that can 
estimate residual free infectious viral particles in 
the cell product. However, variability between 
vectors, products, and processes means that this 
should be used with caution [18].

Product-related impurities can include nontar-
get cells, unmodified target cells, and nonviable 
cells, which may be present after selection or 
enrichment. For CAR T-cell products, a mini-
mum of 70% viability is recommended by the 
FDA [83]. Release criteria for CAR T-cell prod-
ucts often include % CD3+ T-cells, but a full char-
acterization of final cell composition (including 
residual tumor burden) is desirable, especially 
when the manufacturing method does not include 
an enrichment step.

With regard to safety, evaluation of bacterial 
endotoxin level is mandatory. The FDA may 
require in  vivo rabbit pyrogen tests for some 
licensed products. More often, the Limulus 
Amoebocyte Lysate (LAL) method is used, as 
defined by Ph. Eur. 2.6.14 [15] and USP <85> 
[88]. This test uses hemolymph extracted from 
the Limulus Polyphemus crab, which clots in the 
presence of bacterial endotoxins. The FDA rec-
ommends that the upper limit acceptance crite-
rion for endotoxin should be set at 5 Endotoxin 
Units (EU)/kg body weight/hour for intravenous 
infusion. For intrathecal and/or intraocular 
administration, the recommendation is 0.2 EU/kg 
body weight/hour and 2.0 EU/dose/eye, respec-
tively [86]. Although most CAR T-cell therapies 
are intravenously infused, local administration in 
the tumor or at the resection site are being evalu-
ated for solid tumors [74].

Dimethyl sulfoxide (DMSO) is considered an 
excipient for cryopreserved cells rather than an 
impurity, but a safety limit for infusion is defined 
as 1  mL/kg/day, and this should be taken into 
account for high volume CAR T-cell products.

8.3.7  Quantity

To ensure consistent dosing throughout clinical 
investigation, specification of methods to mea-
sure dosing should also be defined at Phase 1. For 
CAR T-cell products, methods to determine 
absolute cell counts and flow cytometry assays 
for detection of CAR expression are usually used.

Image-based automated counting methods, 
such as the NucleoCounter® and Vi-CELL™ are 
useful for determination of total cell numbers and 
viability. Alongside automated hematological 
analyzers, these can be useful as quick tools for 
in-process controls. Precise assessment of final 
product dose is usually performed by flow cytom-
etry, as this permits determination of CAR 
expression in viable CD3+ T-cells/other target 
cells. It also gives additional information on the 
expression of other proteins such as memory and 
exhaustion markers, which may be relevant fea-
tures for potency assessment and allows enumer-
ation of cells using counting beads.

The FDA recommends that assays to deter-
mine dose should be qualified prior to initiation 
of clinical studies and a detailed description of 
the qualification protocol submitted in the origi-
nal Investigational New Drug (IND) application, 
along with data supporting the accuracy, repro-
ducibility, sensitivity, and specificity of the 
method [86].

8.4  Potency

Potency assessment is an essential aspect of the 
quality control system to evaluate biological 
function of cellular products and to ensure batch- 
to- batch consistency. These assays should be 
defined according to the products’ mechanisms 
of action and critical attributes assessed by well- 
controlled investigations throughout the develop-
ment stages and conducted with consistently 
manufactured products (Table 8.2). In the CAR 
T-cell arena, development of potency assays is 
challenging, due to the intrinsic batch-to-batch 
variability associated with the use of autologous 
cells.
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Potency assessment for CAR T-cell batch 
release generally involves analysis of target- 
specific cytotoxicity, but this does not give 
insights into many aspects of their biological 
potential such as the ability to deliver long-term 
responses and persistence. It is unlikely that the 
immense complexity of these products can be 
captured by a single assay. This is discussed in 
more detail in Sect. 8.3.

8.4.1  Potency Assessment for CAR 
T-Cell Therapies

Potency assessment of CAR T-cells is a quantita-
tive measurement of their biological activity and 
should ensure the quality and consistency of 
released batches [29]. These assays should be 
capable of identifying subpotent batches and 
used as a measure of drug product quality and 
consistency. Traditional approaches to potency 
testing are based on the development of in vivo 
and in  vitro assays that measure the product’s 
mechanism of action (MoA). Assays should be 
developed, optimized, and validated to character-
ize product attributes/biological activity that 
reflects or predicts clinical outcome and that 
could be defined as a critical quality feature [7].

Potency assay development for cellular ther-
apy products poses several challenges [67]. First, 
each drug product is manufactured using patient- 

specific starting material, such that there is limited 
QC material available for potency assessment(s). 
Second, autologous products can be highly vari-
able, making it challenging to define and validate 
a consistent assay. Furthermore, CAR T-cells 
exert their action through multiple, complemen-
tary mechanisms and it is difficult to capture this 
complexity in a single, accurate assay. Potency 
testing can be time-consuming, and development 
of rapid assays should be the priority so as not to 
delay final batch certification, particularly for 
patients with rapidly progressive disease. For the 
reasons outlined, standardized potency assays for 
CAR T-cell products are not yet defined for wide-
spread use.

Although potency testing is not a prerequisite 
for early-stage clinical studies and is only essen-
tial for product release from Phase III onward, 
implementation of potency assays in earlier phase 
clinical studies may facilitate the development of 
more sophisticated and well-defined assays for 
use in Phase III via continuous optimization.

8.5  Regulatory Aspects

According to American and EU pharmaceutical 
legislation, cellular therapeutic products (and 
therefore CAR T-cell products) require potency 
evaluation prior to market entry [25, 28]. Both 
regulators stress the complexity of potency assay 

Table 8.2 U.S. Food and Drug Administration (FDA) requirements for potency testing and relevance of these assays 
during the complete cycle of product developmenta

FDA guideline requirements for potency assays Relevant for potency testing
• Indicate product-specific biologic activity
• Measure specific activity of active component
• Provide test results for product release
• Provide data to establish stability specifications
•  Meets the mechanism of action for intended 

product use
•  Comply with biologics regulations and good 

manufacturing practice
• Have predefined acceptance or rejection criteria
•  Include appropriate reference materials, standards, 

and controls
• Be amenable to validation
•  Have established and documented accuracy, 

sensitivity, specificity, and reproducibility
• Provide quantitative data

Development and characterization
• Demonstrate key biological activities
• Correlate product attributes and activity
Manufacture and batch release
• Assess product batches against set criteria
• Identification of sub-competent batches
• Inter-batch comparability
• Stability assessment
Clinic
• Measure of product efficacy
• Definition of required/adjusted product doses

aFDA Guidance for Industry Potency Tests for Cellular and Gene Therapy Products
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development and adopt a flexible regulatory 
approach, albeit the FDA specifies certain 
requirements for potency testing, outlined in 
Table 8.2 [25].

The analytical method used for potency 
assessment should ideally be quantitative, with 
appropriate controls and standards. However, 
regulatory agencies acknowledge that quantita-
tive methods are not always feasible and will 
accept semiquantitative assays in this setting.

Although not required at early stages, a pro-
gressive developmental approach to potency 
assays is suggested and acceptance criteria speci-
fications set for Phases 1 and 2 should be adjusted 
throughout product development stages to reflect 
manufacturing and clinical experience. The pre-
sentation of early-stage results as “information 
only” is also valid.

Both the FDA and EMA accept the use of 
in vivo and in vitro functional biological assays 
for product characterization. Due to the time con-
straints for product release, both agencies recog-
nize the usage of nonfunctional, surrogate assays 
if correlation has been previously established. 
Most importantly, accuracy, sensitivity, specific, 
and reproducibility of all types of assays should 
be established [29].

In some cases, assay development may require 
the generation of novel standards or procedures 
that are not yet covered in the guidelines. In 
which case, manufacturers are responsible for the 
assessment and development of suitable assays 
for their specific product.

8.6  Methods for Potency 
Assessment of CAR T-Cell 
Products

Potency assessment should be defined based on 
the proposed mode of action of the product and on 
how and why it is expected to give therapeutic 
benefit. This can be based on scientific literature 
around nonclinical studies (animal or in vitro), or 
preliminary clinical data from early-stage trials. If 
the MoA is not fully defined, an assay matrix 
approach can permit assessment of biological 
activity, but when the MoA is known, the assay 
should focus on that attribute. For simplicity, most 

CAR T-cell potency assays are designed to mea-
sure cytotoxic activity in  vitro against target- 
expressing cell lines. However, this simplified 
assessment does not account for the complex fac-
tors that determine product efficacy and influence 
response in vivo, such as the interaction with other 
immune cells, the role of the tumor microenviron-
ment, the effects of chronic activation, and other 
factors not yet defined (Fig. 8.2). Extended potency 
assays can be helpful in this regard and are essen-
tial during the development of novel therapeutics, 
to permit full comprehension of the product and to 
inform potential product improvements.

In vivo assays are often central to product 
development, as in process controls or to evaluate 
the effect of manufacture process change [79], 
but even then, the lack of appropriate animal 
models, difficult standardization, technical com-
plexity, and experimental duration limit their use 
[25]. Efforts have been made into the develop-
ment, characterization, and standardization of 
xenograft mice models for anti-CD19 CAR T-cell 
therapies [1] and such comprehensive studies of 
tumor behavior and kinetics could be critical in 
widening the application of these models for the 
characterization of product potency, prediction of 
clinical outcomes, and particularly applicable in 
the field of solid tumors.

Simplified in vitro assays have the advantage 
of allowing a higher degree of standardization 
and are likely to remain the preferred choice for 
potency evaluation for batch release. For instance, 
the use of target-expressing cell line banks, 
although not fully representative of patient’s tar-
get tumor cells, provides a standardized model 
that allows a batch-to-batch comparison of prod-
uct activity. As long as supported by efficiency 
data, simple in vitro assays are easier to qualify, 
allowing definition of a numeric acceptance crite-
ria and providing invaluable comparative infor-
mation on product quality. The most common 
in  vitro methods for potency assessment are 
described and summarized in Fig. 8.3.

In the future, several assays may be required 
for full product characterization, but we acknowl-
edge that more complex/advanced assays for 
product release may have an adverse impact on 
time to release and overall costs. As an example, 
CRISPR screening has recently emerged as a 
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Fig. 8.2 In vivo determinants of CAR T-cell therapy 
effectiveness to be considered for the design of potency 
assays. (A) The main feature associated with CAR T-cell 
function is target-directed cytotoxicity. (B) Target- 
directed cytotoxic function is directly dependent on anti-
gen expression. Therefore, antigen escape, low antigen 
density, and heterogenous antigen expression are com-
mon concerns. (C) Robust in vivo expansion and (D) sus-
tained persistence are key features related with 
long-lasting clinical responses and are often associated 
with the T stem cell-memory compartment (Tscm), 
defined as CD45RA−/CCR7+/CD62L+/CD95+ CAR 

T-cells, and the resistance to exhaustion and senescence 
upon prolonged antigen exposure. (E) Lack of immunoge-
nicity is also determinant in therapy success. (F) 
Particularly in the case of solid tumors, the capacity to 
reach tumor site and bypass the physical barriers of the 
tumor stroma (migration/invasion) are critical. (G) CAR 
T-cells designed for such application must also be resis-
tant to the hostile tumor microenvironment (TME), often 
hypoxic and acidic and (H) to the many immunosuppres-
sive factors expressed by the tumor cells (such as PD-L1), 
secreted into the TME (such as TGFb), and the presence 
of suppressive immune cells, such as regulatory T (Treg)

valuable tool for the identification of genes that 
are determinants for CAR T-cell function and 
clinical efficacy [91]. Although impractical for 
product release, such screening approaches, if 
implemented in the course of product develop-
ment and characterization, have the potential to 
reveal critical quality attributes that can be used 
as biomarkers for an efficient product release 
assay.

8.6.1  Target-Directed Cytotoxic 
Activity

Cytotoxicity assays measure CAR T-cell tumor 
targeting with the use of methods such as flow 
cytometry, radioactive labeling, and impedance 

analysis. Direct assays aim to quantify effector 
activity and target cell lysis, whereas indirect 
assays measure a by-product of the effector–tar-
get interaction (e.g., measurement of cytokines).

8.6.2  Direct Assays

During cytotoxicity assay development, it is 
essential to optimize read-outs, incubation times, 
and effector to target cell ratios. Controls should 
be included to demonstrate antigen-specific cyto-
toxicity (e.g., antigen-negative targets) and to 
ensure that measured cytotoxicity is effector- 
specific (e.g., by culturing targets without effec-
tors and with non-CAR T-cells to account for 
background signal).
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Fig. 8.3 Summary of most commonly used strategies for 
CAR T-cell products potency assessment. Most potency 
assays currently used for batch release are associated with 
assessment of CAR T-cell effector function, either via 
directly cytolytic activity of target-expressing cells or via 
the use of surrogate markers that reflect T-cell activation 
and function upon exposure to targets. Other attributes 
can also be relevant in the determination of CAR T-cell 
activity. Characterization of an immunophenotypic profile 

that correlates with product efficacy is being sought. 
Proliferative capacity and, most recently, polyfunctional-
ity profile, have also been demonstrated to correlate with 
responses and can be considered for potency assessment. 
Special considerations for the development of potency 
assays for solid tumors include the effect of the complex 
tumor microenvironment (TME) and CAR T-cell migra-
tion capacity and ability to reach tumor site

It is essential to choose the most representa-
tive cell type(s) for the study. On occasion, 
 primary patient-derived target cells can be used, 
but this adds complexity, as autologous target 
cell isolation and culture can be cumbersome, it 
can increase assay variability (and failure) 
between batches and can hinder inter-batch 
comparison [59]. Instead, CD19+ transduced 
cells or natively expressing CD19+ cell lines 
(e.g., Burkitt’s lymphoma derived Raji cells) 
are easier to cultivate and are routinely used as 
targets for CD19 CAR T-cell cytotoxicity 
assays [31, 75], with the accepted limitation 
that they do not fully replicate the variable and 
complex metabolic and genetic profile of autol-
ogous tumor cells. Careful evaluation and 
selection of a suitable surrogate target cell line, 
including features like antigen expression and 
resistance to lysing activity are critical to ensure 
correlation with in vivo effect and tangible rel-
evance [19, 33].

Chromium (51Cr)-based cytotoxicity assays 
represent the gold standard for characterization 
of CAR T-cell cytolytic activity due to their high 
sensitivity. Target cells are labeled with radioac-
tive 51Cr, which is released to the supernatant 
upon effector-mediated target cell lysis [10]. As 
an endpoint assay, 51Cr release is usually mea-
sured on a single short time point (usually 4 h), 
due to the spontaneous release of 51Cr from the 
cell over time impairing longer analysis. The 
need for target cell labellng in a radiation- 
restricted area, alongside the hazards and techni-
cal/equipment requirements associated with the 
use of radiation, as well as the lack of target lysis 
kinetic information obtained are the main draw-
backs of this technique.

Cytotoxicity assays using alternative target 
labeling techniques (e.g., calcein, europium, bio-
luminescence) are now emerging as more user- 
friendly approaches, although sensitivity must be 
evaluated [49, 89]. For bioluminescence analysis, 
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target cells are transduced with a luciferase 
reporter gene. As the added bioluminescent sub-
strate (Luciferin) is only processed by live cells, 
direct quantification of live target cells, and thus 
quantification of cytotoxic activity is measured as 
a decrease in bioluminescent signal over time [44].

Cytotoxic assays based on quantification of 
cytosolic enzymes that are naturally present in 
the cell and whose enzymatic activity can be 
measured upon release from damaged cells (e.g. 
lactate dehydrogenase [21]) could be used for 
cytotoxicity measurement. The main limitation 
of this approach is that these enzymes are present 
in both effector and target cells. This impairs the 
ability to discern the relative contributions from 
individual cell populations to the final enzymatic 
read-out, leading to poor assay sensitivity.

Impedance-based assays allow label-free, real-
time monitoring of specific effector-induced cytol-
ysis, measured by the detachment of target cells 
from a treated surface [95]. This technique was 
first validated for assessment of NK cell- induced 
cytotoxicity [35]. Briefly, nonadherent effector 
cells are incubated together with adherent target 
cells following which cytolytic action leads to tar-
get cell detachment, loss of impedance, and the 
restoration of electric current flow, which corre-
lates with cytolytic activity. These automated plat-
forms (e.g., xCELLigence systems) permit 
real-time monitoring of target cell populations 
over extended periods, combining high-sensitivity 
analysis with minimal cell manipulation. 
Furthermore, these platforms are not limited to 
adherent tumor cell targets. Antibody-coated 
plates can be used to immobilize nonadherent cell 
targets such that impedance assays can be used in 
CAR T-cell potency assessment [11].

Flow cytometry-based cytotoxicity assays can 
be used to study cytolysis in heterogenous cell pop-
ulations. Target and effector cells can be recog-
nized in terms of size, granularity, and specific 
staining while evaluating target cell death using 
standard DNA intercalating agents (e.g., propidium 
iodide or 7-AAD). Detailed product characteriza-
tion and target cell phenotyping for antigen expres-
sion and density can be conducted in parallel and 
the resulting profile(s) can be correlated with dif-
ferential susceptibility to cytolysis [39, 97].

An alternative approach is “fluorometric 
assessment of T lymphocyte antigen-specific 
lysis” (FATAL), which is purported to be a sensi-
tive and reliable alternative to the 51Cr assay [77]. 
Target cells are loaded with fluorescent dyes and 
cytotoxic activity detected by flow cytometry. 
This assay has the potential advantage of lower 
dye leakage, allowing longer incubation times in 
comparison to the 51Cr assay. The VITAL assay, 
based on the same principle, adds a further poten-
tial advantage, permitting differential labeling of 
distinct target cell populations and measurement 
of cytolysis against a range of targets simultane-
ously [38].

Overall, flow-based assays have much utility 
in the potency space, characterizing the dynamic 
relationship between target and effector cells [50, 
64]. Current limitations include the need for indi-
vidual sample data acquisition, increasing the 
time required for analysis. High-throughput mul-
tiparametric assays that allow workflow automa-
tization and timely cytotoxicity evaluation are 
key to scalability and validity [9, 55].

8.6.3  Indirect Assays

Indirect assays aim to measure the by-
product(s) of effector cell activation upon 
exposure to target cells and can be particularly 
useful where product availability is limited. 
Indirect assays measure cytokines and chemo-
toxins (e.g., IFN-γ, granzyme B) secreted upon 
effector cell activation [76, 78]. Both FDA-
approved Tisagenlecleucel and Axicaptagene 
Ciloleucel products utilize IFN-γ secretion in 
response to CD19 expressing targets as part of 
a potency assessment for product release. 
Interestingly, Novartis reported that IFN-γ 
secretion varied greatly from batch to batch, 
complicating the correlation between limited 
potency assessment and clinical effect [30, 47].

IFN-γ detection via ELISA reflects cytokine 
release from the whole incubated cell population 
(not restricted to CAR T-cells), which can lead to 
an overestimation of cytokine secretion by CAR 
T-cells [20]. For a more specific read-out, flow 
cytometry assays can detect cytokines 
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 intracellularly and allow investigators to differen-
tiate cytokine secretion between different cell 
types. However, a few drawbacks of this approach 
are the need for prolonged intracellular staining 
protocols and the requirement of blocking cellular 
secretory pathways. This assay, therefore, reflects 
cytokine production rather than cytokine release. 
Another method, the IFN-γ catch assay, utilizes a 
capture reagent that combines a pan-leukocyte 
CD45 binder and an IFN-γ binder, immobilizing 
the cytokine as released by each cell to its surface 
[22]. This overcomes the limitations outlined for 
ELISA and flow cytometric methods.

Some centers use indirect methods based on the 
correlation between T-cell degranulation and kill-
ing activity. Upon interaction with target cells, 
markers of T-cell activation and degranulation 
(e.g., CD107a) are expressed on the CAR T-cell 
surface and can be detected via flow cytometry. 
This technique is also compatible with extend phe-
notyping with the use of additional markers [2].

More recently, efforts have concentrated in the 
measurement of effector-released cytokines at a 
single-cell level via enzyme-linked immunospot 
assay (ELISPot). ELISPot requires only a low cell 
number for analysis, but the disadvantage is that it 
does not allow further immunophenotyping of the 
product and it is limited to the detection of only 
one or two enzymes [43]. Alternative approaches 
based on fluorophores (such as the FluoroSpot 
assay) could allow the accurate detection of mul-
tiple cytokines per cell [42]. Further refinement of 
this approach has led to the LysisPot platform that 
uses target cell lines expressing β-galactosidase, a 
nonsecreted enzyme that is released from the cells 
upon lysis. This method allows characterization at 
a single cell level of both the direct cytotoxic 
activity of the CAR T-cell product and cytokine 
(IFN-γ) release. Of note, this assay has demon-
strated that not all cytokine-producing cells have 
cytolytic activity [4].

8.6.4  Immunophenotyping

Detailed immunophenotyping can inform CAR 
T-cell potency assessment, provided a correla-
tion between specific phenotypes and product 

efficacy can be made [56]. Cell exhaustion and 
senescence are related to loss of function and 
disease relapse, such that expression of the 
phenotypic marker programmed cell death pro-
tein 1 (PD-1) (and others) could predict for 
functionality [32, 37]. Further, CD45RA and 
CD62L expression are used as markers of 
T-cell memory, which appears to correlate with 
product efficacy [56]. Immunophenotyping 
assays are quick and simple and allow analysis 
at single cell level, but results should be evalu-
ated with caution, as these are surrogate mark-
ers of CAR T-cell functionality and results may 
vary significantly from patient to patient. To 
date, no precise immunophenotypic profile has 
been determined as a direct predictor of CAR 
T-cell function in a validated, quantitative 
assay.

8.6.5  Target-Induced Proliferation

Proliferation capacity upon target antigen recog-
nition has been demonstrated to predict efficacy 
of CAR T-cell therapies in  vivo [58, 70]. This 
feature could also be used as an alternative 
potency assay in vitro, using fluorescent markers 
such as carboxyfluorescein succinimidyl ester 
(CFSE). To date, the correlation between prolif-
eration upon target antigen recognition in  vitro 
and in  vivo potency is still pending [14]. 
Cytotoxic activity is the main MoA of CAR 
T-cell therapies to reduce in tumor burden and as 
such these assays tend to be preferred for batch 
release assessment.

8.6.6  Polyfunctionality

Novel, high-throughput single-cell analysis plat-
forms have the potential to revolutionize the field 
of CAR T-cell potency assessment. Several stud-
ies have positively correlated the presence of 
polyfunctional cells (cells that co-secrete  multiple 
cytokines), with potent and durable immunity 
against certain infections [17, 48] and tumors [8]. 
Recently, highly polyfunctional CD19 CAR 
T-cell products were demonstrated to be associ-
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ated with clinical responses in non-Hodgkin’s 
lymphoma (NHL) patients [72]. High-throughput 
platforms such as the IsoPlexis system, use bar-
code chip assays [6] that can accurately and 
simultaneously measure up to 16 cytokine/che-
mokines secreted by thousands of CAR T-cells at 
a single-cell level [96]. Implementation of such 
high-throughput assays in potency testing may 
permit a more thorough characterization of CAR 
T-cells at single cell level and improve prediction 
of clinical response.

8.7  Challenges and Potential 
Improvements for CAR T-Cell 
Potency Assays

In the future, assessment of potency will encom-
pass in  vitro assays designed to study cell 
behavior and activity in an environment that 
more closely mirrors what is found in  vivo. 
Antigen- stress tests will assist in the investiga-
tion of maintained cytotoxic activity after sev-
eral rounds of exposure to target, mirroring the 
chronic cell activation observed in vivo and pro-
viding a model to investigate mechanisms asso-
ciated with CAR T-cell failure. Target cells 
expressing a continuum of antigen densities can 
also be used to investigate the correlation 
between antigen density and product cytotoxic-
ity. Soluble factors or cytokines such us TGFβ 
are present in  vivo and can influence the bio-
logical activity of CAR T-cells [19]. TGFβ chal-
lenge assays may help to quantitate this impact 
on CAR T-cell function.

Due to the inherent variability of autologous 
CAR T-cell product, assays selected for potency 
assessment for final product release should have 
appropriate acceptance criteria that consider 
inter-batch variability and should be defined prior 
to the commencement of pivotal clinical trials 
[25, 28] in order to accurately define potent ver-
sus non-potent products. In the solid tumor CAR 
T-cell space, potency assays may have additional 
requirements beyond those outlined here, such as 
measures of CAR T-cell migration capacity to 
remote and immunologically hostile tumor sites 
[45, 61].

8.8  Future Challenges 
and Directions for CAR T-Cell 
Product Release Testing

In recent years, the field of cell therapy has devel-
oped at unprecedented speed. New CAR designs, 
new manufacturing technologies, and new 
approaches to address the current limitations of 
CAR T-cell therapies continuously emerge, and 
researchers and regulatory agencies are faced 
with the challenges of developing new assays and 
guidelines to address additional unknowns and 
risks [46].

Although the evaluation of cytotoxicity 
against CD19-expressing cells is a relatively 
well-described measure of CD19 CAR T potency, 
the panorama can be complex in the case of not 
as well-characterized targets and more complex 
and heterogenous tumors. Particularly, in the 
field of solid tumors, more advanced in vitro anti-
tumor efficacy assays are likely to be required, 
taking into account the differential expression 
levels of target antigens for definition of activa-
tion thresholds, the impact of prolonged antigen 
exposure and the effects of the immunomodula-
tory tumor microenvironment. Recent approaches 
to overcome these challenges include the estab-
lishment of cell libraries expressing different 
amounts of surface antigens using CRISPR/Cas9 
knock out, reexpression, FACS sorting and single- 
cell cloning [52], and the development of ex vivo 
tumor-derived culture systems that can account 
for the environment-derived immunomodulation 
[80]. Conversely, in vitro assays to evaluate hom-
ing and tumor infiltration are challenging. The 
use and characterization of animal models [1], as 
well as the emergence of methods that combine 
the use of human tumor slices and real-time 
imaging [23] are likely to provide unvaluable 
insights into some of the key quality attributes 
associated with in  vivo efficacy of CAR T-cell 
therapy in solid tumors.

On the other hand, one of the biggest develop-
ments in the CAR T-cell field is the move away 
from viral vectors and toward alternative gene 
delivery methods. Older methods such as the 
Transposon/Transposase platform relies upon 
DNA plasmids and mRNA transposase electro- 
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or lipo-transfected into T-cells [60]. Several 
groups have shown the feasibility of generating 
CAR T-cells using the Sleeping Beauty system 
and minicircle vectors [51, 60]. Safety concerns 
with this technology include residual DNA plas-
mids and transposase (activity) in the final cell 
product and the potential risks of insertional 
mutagenesis and transposon remobilization. 
Release assays for this type of product would 
require an additional set of safety analyses and 
risk assessments to investigate the additional 
risk(s) posed to product recipients through use of 
this manufacture methodology. As an alternative 
to Transposon/Transposase technology, genome- 
editing tools such as transcription activator-like 
effector nucleases (TALENs) and clustered regu-
larly interspaced short palindromic repeats 
(CRISPR)/CRISPR (Cas) tools allow specific 
modification of target genes, via disruption, cor-
rection, or replacement and have unlimited 
potential to improve CAR T-cell therapies [3]. In 
an attempt to minimize risks associated with 
insertional mutagenesis, targeting genes into 
genomic safe harbors is now possible [65].

Genome-editing tools have found favor in the 
development of third party or “universal” CAR 
T-cell therapeutics. TCRαβ/CD3 disruption has 
been demonstrated as a feasible approach to 
develop CAR T-cells products from mismatched 
donors, minimizing the risks of graft-versus-host 
disease [59, 65]. Several groups are combining 
TCRαβ/CD3 knockdown with additional strate-
gies to prevent allogenic CAR T-cell rejection, 
which is another formidable challenge in the uni-
versal CAR T-cell space. Universal CAR thera-
pies may overcome some of the limitations 
associated with autologous products such as 
poor-quality patient starting material, logistic 
and manufacturing challenges, disease progres-
sion prior to product availability, and batch-to- 
batch product variability. Alternative approaches 
using an endoplasmic reticulum retention signal 
to prevent CD3 surface expression have also been 
reported and these have the potential advantage 
of overcoming some of the limitations described 
above with genome-editing tools [68].

Genome-edited products require extensive 
characterization to demonstrate safety. Off-target 
effects are a major concern when using the 

CRISPR/Cas9 system, as these can lead to unin-
tended mutagenesis and increase the risks of 
malignant cellular transformation [3, 12]. 
Although in silico methods are used to screen for 
potential off-target sites, they cannot precisely 
predict mutations that occur in vivo. EMA indi-
cates that for genetically modified cells derived 
using genome-editing tools, in  vitro assays for 
editing efficiency and off-target editing should be 
conducted [26]. However, development of sensi-
tive and specific assays to detect off-target edit-
ing remains a challenge. Approaches like the T7 
endonuclease 1 (T7E1) assay, deep sequencing 
and Chromatin Immunoprecipitation Sequencing 
(ChIP-seq) have been employed for detection of 
off-target editing. In silico prediction tools have 
also been developed [98], but many shortcomings 
are associated with these techniques. Indeed, off- 
target mutations with a frequency below 0.5% 
remain mostly undetected by current genome- 
wide analyses. Furthermore, targeting more than 
one gene for editing confers additional risk, as 
complex, multiplex gene editing can potentially 
lead to translocations induced by simultaneous 
double-stranded breaks at multiple loci. These 
have been reported to occur with a frequency as 
high as 7% in T-cells and have been detected by 
different methods, including cytogenetic analy-
sis, qPCR, and droplet digital PCR [5, 66, 92]. 
Base-editing is a next-generation approach to 
CRISPR-Cas, which may overcome some of the 
risks described.

An additional risk posed by allogeneic CAR 
T-cells is the presence of alloreactive cells in the 
final product. This confers a risk of GvHD and 
should be addressed by efficient cell selection/
depletion strategies, along with stringent purity 
criteria for product release. Alternative alloge-
neic cell sources such as NK cells or γδ T-cells 
might avoid the development of GvHD although 
challenges with rejection and persistence remain 
[68]. Characterization of these cell products and 
development of assays for identity, purity, 
potency, and so on will mirror, but will not be the 
same as those required for T-cell products.

In conclusion, as new developments increase 
the efficacy, applicability, and accessibility of 
CAR T-cell therapies, adoption of this technol-
ogy for more widespread use in cancer therapy 
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should become a reality. It is crucial for the field 
to develop a solid understanding of individual 
products and their biological activity so that criti-
cal quality attributes can be defined to ensure 
efficiency, consistency, and safety. In the coming 
years, as new data emerges from preclinical 
research and early clinical trials, researchers and 
regulatory agencies worldwide will face the chal-
lenge to keep pace with clinical development. 
There will be a need to generate new and harmo-
nized guidelines to ensure patient safety and 
product quality to cover the diversity of emerging 
novel CAR T-cell therapies.
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9.1  Introduction

Advanced therapy medicinal Products (ATMP) 
including cell- and gene-based therapies are at 
the forefront of regenerative medicine, holding 
the potential to treat debilitating diseases and 
conditions [1–3]. After some timid initial positive 
results of clinical testing, a huge effort is cur-
rently underway to define specific target condi-
tions that may be realistically treated with this 
new generation of medicines [4]. Clearly, this 
endeavour needs robust methods of production 
and suitable assays for determining critical qual-
ity attributes (CQA) of new medicines. From all 
CQA, those related to the potency of products are 
of extreme help to predict the pharmaceutical 
activity of such products after administration in 
the patients. However, this becomes challenging 
when actual mechanisms of action (MoA) are 
poorly understood, so both developers and regu-
lators must agree on the choice of appropriate 
potency assays according to well-documented 
justification [5–9]. Importantly, such assays must 
be continuously improved, in a manner consis-
tent with scientific and technological progress. 
Other limitations such as batch variability of 
starting materials, limited final product stability, 
and relatively small lot size (even in the context 
of allogeneic product banking) hinder the estab-
lishment of comprehensive product specifica-
tions in the potency tests [10].

9.2  Regulatory Framework

The field of cell and gene therapy is experiencing 
a rapid growth of approved cell-based ATMP 
medicines by the principal regulatory authorities 
worldwide [11]. This is remarkable given the 
complex procedures for production and quality 
control (QC) that reflect the variabilities of 
nature, plasticity of the drug substance (DS), and 
the relatively short lifespan of the fresh drug 
products (DP) upon batch release [10, 12–14]. 
Most new therapies approved in the past decade 
have been conditionally authorized for treating 
rare diseases [11, 15].

Important differences exist in the regulation, 
definition, scope, and approval of cell and gene 
therapy products by competent regulatory 
authorities in different parts of the world [16]. 
For instance, both the Food and Drug 
Administration (FDA) in the United States (US) 
of America and the European Medicines Agency 
(EMA) explicitly exclude gene-based prophy-
lactic vaccines of infectious diseases from their 
definition of gene therapy, whereas the Japanese 
Pharmaceuticals and Medical Devices Agency 
(PMDA) does not [17, 18]. In addition, geneti-
cally modified oncolytic viral therapy falls 
within the definition of gene therapy in the 
European Union (EU) but not in the US.  The 
EMA considers that hematopoietic stem cells 
(HSC) from cord blood do not fit the definition 
of ATMP, because these cells are not subject to 
substantial manipulation and are intended to be 
used for the same essential function in the recip-
ient and the donor. In the US, however, HSC are 
classified in the category of cellular and gene 
therapies, which are regulated by the FDA’s 
Office of Tissues and Advanced Therapies 
(OTAT). Another remarkable example of diverse 
criteria for classification in different countries is 
illustrated by the case of the melanoma treat-
ment Imlygic® (talimogene laherparepvec), 
which was categorized as a gene therapy in 
Europe but not in the US.  Alternatively, 
Swissmedic, the national authorization and 
supervisory authority for drugs and medical 
products in Switzerland, classified cell- and 
tissue- based products as transplant products, 
and specifically excluded cellular therapy 
intended for cosmetic use [15]. In all cases, 
proper definition of the CQA was necessary for 
better understanding of key parameters in the 
production bioprocess and specifications of the 
final DP that can potentially impact on patient’s 
safety and success of the treatment. Therefore, 
major efforts are required from all stakeholders 
involved (including governments, public and 
private developers, and scientific societies) in 
order to define and standardize criteria in com-
pliance with current quality standards and regu-
latory guidelines (Fig. 9.1).
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Fig. 9.1 The design of 
potency assays must 
reflect the mechanism of 
action. Potency assays 
can rely on the cellular 
processes and 
biomarkers of structures 
formed or remodeled in 
the course of action of 
the advanced therapy 
medicinal product 
(ATMP). Several 
methods are currently 
used to assess potency 
(i.e., in vitro, in vivo) 
and many others are 
currently being explored 
in the omics and 
artificial intelligence 
(AI) fields (e.g., using 
deep learning tools)

According to the International Conference on 
Harmonization (ICH) of Technical Requirements 
for Registration of Pharmaceuticals for Human 
Use, potency refers to the quantitative measure of 
biological activity based on the attribute of the 
product, which is linked to the relevant biological 
properties [19]. An assay aiming to demonstrate 
the biological activity of an ATMP should be 
based on the intended biological effect, which in 
turn should ideally correlate with the expected 
clinical response.

It is clear that a one-size-fits-all solution to 
address potency does not exist, and a case-by- 
case analysis is required in order to adopt exist-
ing assays or develop new designs. The FDA 
regulation for biological products allows some 
flexibility in establishing potency tests, under-
standing that it needs to be adapted to the unique 
characteristics of each product. In this sense, the 
FDA provides industry guidance for industry on 
potency assays for cellular and gene products. 
Similarly, the EMA has published a full guideline 
on potency testing of cell-based immunotherapy 

products for the treatment of cancer [20]. Of 
note, scientific advice from regulatory authorities 
is offered to developers to agree on appropriate 
tests for each specific ATMP [21]. Moreover, 
regulatory authorities publish reports with infor-
mation on each one of the approved products, so 
the type of assays used for determining identity, 
purity, and potency are publicly available, 
although technical details are sometimes difficult 
to find, with the exception of those cases in which 
the developers publish their results in the scien-
tific literature.

Hereunder, we describe three different 
ATMP, based on (1) an example pf genetically 
modified chimeric antigen receptor T-cells 
(CAR-T cell therapy), KYMRIAH® (tisagenle-
cleucel); (2) a tissue engineered product, 
Holoclar® (cornea- derived limbal epithelial 
stem cells); and (3) Remestemcel-L (bone mar-
row-derived multipotent stromal cells). We dis-
cuss further potency assay development 
selected from recent ATMP currently under 
clinical investigation.
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9.3  CAR-T: Super T Cells to Fight 
Cancer

9.3.1  Description and Indication

Engineered T cell therapies are revolutioniz-
ing the field of personalized medicine and may 
impact on existing protocols for HSC trans-
plantation in leukemia patients [22]. In fact, 
genetic modification of T cells for specifically 
targeting cancer were first reported already in 
the 1980s [23]. Proper chimeric antigen recep-
tor (CAR) T-cells, as we know today, were 
first described in the mid-1990s [24]. 
Currently, CAR-T cell therapy is gaining pop-
ularity due to its huge success in the treatment 
of terminally ill patients, although it is not 
without some potential serious side effects 
including cytokine storm syndrome and neuro-
logic toxicity [25]. Relapsed B-cell acute lym-
phoblastic leukemia in children was the first 
target condition to receive FDA approval. 
KYMRIAH® was designated as an orphan 
medicinal product for the treatment of 
B-lymphoblastic leukemia/lymphoma 
(EU/3/14/1266 on April 29, 2014) and for the 
treatment of diffuse large B-cell lymphoma 
(EU/3/16/1745 on October 14, 2016). In 2016, 
KYMRIAH® was granted eligibility to Priority 
Medicine (PRIME) scheme for the treatment 
of pediatric patients with relapsed or refrac-
tory B cell acute lymphoblastic leukemia. Its 
formal FDA approval as CAR-T cell therapy 
for this condition came in 2017, with subse-
quent approval in 2018, for diffuse large B-cell 
lymphoma and certain other types of 
lymphoma.

Another CAR-T cell therapy named 
YESCARTA (axicabtagene ciloleucel), manu-
factured by Kite Pharma, was also approved in 
2017 for the treatment of adult patients with 
relapsed or refractory large B-cell lymphoma 
after two or more lines of systemic therapy, 
including diffuse large B-cell lymphoma 
(DLBCL) not otherwise specified, primary 
mediastinal large B-cell lymphoma, high grade 
B-cell lymphoma, and DLBCL arising from fol-
licular lymphoma.

9.3.2  Characterization 
of Tisagenlecleucel Product 
KYMRIAH®

Focusing on the first approved CAR-T cell ther-
apy, tisagenleucleucel, identity was demonstrated 
by quantitative polymerase chain reaction (qPCR) 
methods specific for the CAR gene sequence 
used, vector copy number (VCN) assay, and mea-
surement of the surface expression of CAR by 
flow cytometry techniques [26]. European and 
American regulatory authorities published reports 
showing different product characterization tests 
for CAR-T cell therapy product release. In the 
EU, potency measurement was reported to be per-
formed so as to ensure appropriate CAR expres-
sion and cytokine secretion upon T cell activation 
[27]. Although the proposed specifications were 
considered appropriate, the applicant was asked 
to re-evaluate the release tests and their accep-
tance criteria based on post-approval data.

In the US, the FDA reported that the potency 
of tisagenlecleucel was evaluated by measuring 
IFN-γ production in response to tumour antigen- 
bearing cells [26]. IFN-γ production was consid-
ered an indicator of T cell activation and a 
prerequisite for CAR-T cell activity. However, in 
the clinical trials, IFN-γ production varied greatly 
from batch to batch, making it difficult to corre-
late IFN-γ production in  vitro to the tisagenle-
cleucel safety or efficacy. This clearly illustrated 
the difficulty of finding a suitable and robust 
potency assay while showing that this need not 
represent an insurmountable roadblock for prog-
ress toward clinical use if issues can be conve-
niently justified and reevaluated when new 
information is available.

Recent reports insist upon the need for joint 
efforts between product developers and regula-
tory authorities for better bioassays providing 
clinically relevant potency assessment and stan-
dardization [28, 29]. Moreover, tracking of the 
ATMP in patients is important and the fact that 
CAR-T cells are edited genetically offers a 
unique opportunity to study persistence, biodis-
tribution, and phenotype of cells after infusion by 
tracking their unique characteristics [30].
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9.4  Holoclar®: A Tissue 
Engineering Product 
to Regenerate Cornea

9.4.1  Description and Indication

The loss of corneal stem cells due to injury or dis-
ease results in impaired repair of the damaged cor-
nea and an overgrowth of conjunctival epithelium 
that can subsequently lead to vision loss [31]. 
Specifically, limbal stem cell deficiency can be 
caused by physical or chemical ocular burns, and it 
is considered a rare disease by the EMA [32]. 
Holoclar® is the registered name for Chiesi 
Farmaceutici’s therapeutic product based on autol-
ogous limbal epithelial stem cell (LESC)-based 
therapy [33]. Expanded to a clinical dose ex vivo 
on a cellular matrix LESC provide a treatment that 
allows the preservation of undifferentiated stem 
cells that can form an epithelial cell sheet suitable 
for transplantation and a sustained protection of 
the corneal tissue in the patient [31, 34].

9.4.2  Characterization of Limbal 
Epithelial Stem Cell Product 
Holocar®

The cell type of interest in Holoclar® is defined as 
a p63bright stem cell subset forming undifferenti-
ated holoclones with high growth potential as the 
main functional component of the final product, 
since these are the cells expected to mediate 
long-term regenerative efficacy. Potency was 
therefore addressed by quantification of p63bright 
cells. Further differentiated cell populations pres-
ent in the drug product (DP) were considered to 
be supportive, but functionally contributing only 
to short- or medium-term efficacy. Extensive ear-
lier research had indicated that LESC cultures 
containing more than 3% p63bright cells led to suc-
cessful corneal epithelial repair outcomes [35]. 
Thus, this served as a quantitative pharmacody-
namic marker that was selected for characterization 
and control of the medicinal product instead of a 

using an extended panel composed of p63 and the 
newly described markers ABCB5, PAX6, and 
WNT/A. This decision was accepted by the regu-
latory authorities and both parties agreed to 
include the extended characterization as part of 
the confirmatory study post-marketing authoriza-
tion. Importantly, the product was released also 
on the basis of macroscopic and microscopic 
appearance and results of an intermediate control 
testing established as an in-process controls 
(IPC) due to the short shelf life of the DP that 
impairs further testing before implantation in the 
patient. Microscopic and macroscopic assess-
ment were conveniently validated and acceptable 
levels of precision, accuracy, and reliability were 
provided to the regulatory authorities by Chiesi 
Farmaceutici [33]. This example illustrates very 
well how potency testing can advantageously be 
kept simple and focused on what is certainly 
known about the attributes of the candidate 
medicine.

9.5  Remestemcel-L: MSC 
for the Management 
of GvHD

9.5.1  Description and Indication

Multipotent/mesenchymal stromal cells (MSC) 
represent a type of stem cells with multipotent 
differentiation potential mesodermal lineages 
that also display immunomodulatory properties 
with a notable capacity to exert various therapeu-
tic effects via paracrine signaling [36, 37]. 
Although this cell type was first described in the 
1970s [38], the understanding of their MoA in 
different conditions has become one of the main 
challenges for advancing the development of 
novel MSC-based therapies [39, 40]. Under dif-
ferent commercial names (e.g. Prochymal, 
Ryoncil, TEMCELL HS Inj.), products based on 
allogeneic expanded MSC have become  available 
in different regions of the world for the treatment 
of graft versus host disease (GvHD) [11].
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9.5.2  Characterization 
of Remestemcel-L Product 
PROCHYMAL® (or RYONCIL™)

Purity of MSC-based products is determined by 
the absence of hematopoietic cells, and their 
identity is characterized by broad though nonspe-
cific MSC markers (e.g., CD105, CD73, CD90), 
as proposed by the International Society for Cell 
and Gene Therapy (ISCT) [41, 42]. It is believed 
that MSC share essential MoA mediating their 
immunomodulatory function regardless of the 
tissue source and/or in  vitro expansion proce-
dures [5]. Therefore, pro-angiogenic and immu-
nomodulatory effects are commonly tested in the 
manufacture of MSC-based products [43]. 
Indeed, the ISCT proposes immune functional 
assays as a potency release criterion [44], since 
the minimal criteria for characterizing MSC seem 
to be insufficient indicators of therapeutic suc-
cess [42]. In this context, a potency assay is cer-
tainly an indispensable tool to ensure that 
MSC-based products exert a differential thera-
peutic effect at a specific dosage [6, 45].

Three key parameters conforming to estab-
lished specifications of Ryoncil included cell 
viability, the ability of MSC to inhibit IL-2Rα 
expression by activated T lymphocytes, and lev-
els of tumour necrosis factor receptor 1 (TNFR1) 
expression associated with significant inhibition 
of the proliferation of peripheral blood mononu-
clear cells (PBMC). These parameters were the 
focus of investigations of the potency assays for 
QC and stability studies along the product devel-
opment program [41, 46]. In addition to these 
criteria, it had been observed that low major his-
tocompatibility complex (MHC) expression sup-
ports the immuno-privileged status of MSC to 
avoid rejection in the host, the manufacturer 
included in  vitro evidence that MSC do not 
express human leukocyte antigen (HLA)-DR 
(i.e., MHC type II) molecules and express low 
levels of MHC type I molecules on the cell sur-
face [47]. However, there is controversy regard-
ing this point and other authors, including our 
group, have reported conflicting data [39, 48–51]. 
In any case, MSC seem to be indeed immuno- 
privileged through a mechanism named efferocy-

tosis, which is a recently proposed hypothesis 
that is gaining relevance and is based on the 
short-living time of MSC in vivo, and it is inde-
pendent of the expression of HLA markers [5].

9.6  Addressing Potency in Other 
Selected ATMP

9.6.1  Approved ATMP

As a result of continued improvements of both prod-
uct quality and also strategic vision, some traditional 
blood-related products have been marketed as thera-
peutics in the recent years [11, 52]. This is the case 
of products such as Hemacord (from the NY Blood 
Center) consisting of allogeneic HSC from cord 
blood. In this regard, due to the wide-spread use of 
HSC, the FDA elaborated the “Guidance for Industry 
Biologics License Applications for Minimally 
Manipulated, Unrelated Allogeneic Placental/
Umbilical Cord Blood Intended for Hematopoietic 
and Immunologic Reconstitution in Patients with 
Disorders Affecting the Hematopoietic System,” 
including a requirement for recommended tests for 
identity, purity, and potency (Table 9.1). Interestingly, 
in this case, purity and potency bioassays are com-
mon [53]. Beyond marketing approval mechanisms 
for making ATMP available to patients include the 
hospital exemption clause in Europe, applicable to 
those products not intended to be commercialized or 
for situations when it is produced in a nonindustrial 
manner [54, 55]. Such has been the case for aca-
demic institutions that developed their own CAR-T 
cell therapies for specific uses not covered by other 
marketed products. Notably, the research led by Dr. 
Manel Juan (Hospital Clínic, Barcelona, Spain) 
resulted in a CAR-T treatment against CD19+ for the 
treatment of B-cell malignancies [56].

Interestingly, potency testing used for product 
release was based on an in  vitro cytotoxicity 
assay using the CAR-T manufactured cells cocul-
tured with NALM6 cells (a B cell precursor leu-
kemia cell line). After 4  h of coculture, the 
percentage of live CD19 cells was measured by 
flow cytometry with an established acceptance 
criteria for product release of less than 70% via-
ble CD19+ cells [56]. Evaluation of the clinical 
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Table 9.1 FDA guidance for blood-products characterization in terms of purity, potency, and identity

Characteristics Testing Sample Expected results
Identity HLA typing Cord blood Report

Confirmatory HLA typing Attached segment of 
HSC

Confirmatory results

Blood group and Rh type Cord blood Report
Purity and 
potency

TNC HSC 
(pre-cryopreservation)

≥5.0 × 108 TNC/unit

Viable nucleated cells HSC 
(pre-cryopreservation)

≥85% viable nucleated cells

Viable CD34+ cells (flow 
cytometry)

HSC 
(pre-cryopreservation)

≥1.25 × 106 viable CD34+ cells/
unit

Presentation of different tests associated to each type of sample and results of accepted criteria for each testing. HLA 
human leucocyte antigen, HSC hematopoietic stem cells, TNC total nucleated cells

outcomes in patients receiving CAR-T cell ther-
apy was challenging due to differences in CAR 
and vector design, effector T-cell selection, CAR- 
T- cell production methods and choice of treat-
ment cohorts. Therefore, it was all the more 
important to ensure relevant potency assays were 
harmonized among production facilities [28].

For MSC, great efforts have been made to 
improve the methods for assessing potency, from 
traditional potency assays (e.g., proliferation, 
in  vitro differentiation assays, inhibition of the 
proliferation of stimulated PBMC) to the use of 
omics technologies [57]. These methods include 
anti-inflammatory and immunomodulatory 
potency assays such as the endothelial tube for-
mation assay used for MultiStem® [58]. For an 
in  vivo test of immunoregulatory effectiveness, 
an ovalbumin challenge model of acute asthma 
has been developed [59]. Angiogenic potency 
assays have been based on the secretion of “pro- 
angiogenic factors” e.g., vascular endothelial 
growth factor (VEGF), Interleukin 6 (IL-6), 
platelet-derived growth factor (PDGF), and 
C-X-X motif chemokine ligand 5 (CXCL5) 
among others [58, 60, 61]. Following observation 
that when treating inflammatory diseases with 
MSC conditioned-medium, patient serum 
Interleukin 10 (IL-10) levels increased, a potency 
assay based on MSC release of anti- inflammatory 
IL-10 was developed [62]. Further examples of 
secreted proteins may serve as potency assay 
candidates, emerged from the observation that 
local or systemic administration of MSC could 
ameliorate corneal chemical injury by MSC 

secretion of TNF-stimulated gene/protein 6 
(TSG-6) in response to injury signals from the 
cornea [63]. MSC-derived elevated levels of anti- 
inflammatory soluble mediators, such as the 
heme-containing enzyme indoleamine-pyrrole- 
2,3-dioxygenase (IDO), prostaglandin E2 
(PGE2), transforming growth factor beta (TGF- 
β), nitric oxide, HLA-G5, and interleukins, have 
encouraged interest in MSC paracrine signaling 
[64]. More recently, innovative assays have been 
developed and validated based on the measure-
ment of an expanded set of potency biomarkers 
types (e.g., gene expression analysis, telomere 
length, telomerase activity, cell size) [65, 66], 
proteomics, analysis of the secretome, and tran-
scriptomics [67], complementing the study of 
surface markers by flow cytometry [68]. In the 
context of MSC-based therapy for the treatment 
of immunological of inflammatory disorders, the 
potency assays most commonly used are based 
on the determination of their in  vitro immuno-
modulation capacity [6, 44].

9.6.2  ATMP Under Clinical 
Investigation

The number of marketed ATMP is gradually 
increased each year and new developments, espe-
cially those concerning products related to immu-
notherapy are likely to boost this list in the 
coming years [3, 11, 69]. Most probably for this 
reason, the specific guidelines from regulatory 
authorities and scientific societies made available 
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for developers have focused on these products [6, 
21, 44]. A couple of very interesting develop-
ments in this immunotherapy field are the 
tumour-infiltrating lymphocytes (TIL) or the 
virus-specific T cells (VST).

TIL therapy development was pioneered by 
Dr. Steven A.  Rosenberg (National Cancer 
Institute, Bethesda, MD, USA) and IOVANCE 
Biotherapeutics has conducted several Phase II 
clinical trials to assess the efficacy and safety of 
autologous TIL for treatment of patients with 
metastatic melanoma, squamous cell carcinoma 
of the head and neck, non-small cell lung cancer 
(NSCLC) and cervical cancer [70]. Potency test-
ing, consisted of subjecting cells to an IFN-γ 
release assay by restimulating TIL products with 
anti-CD3/CD28/CD137-coated beads for 
18–24 h with subsequent harvesting of superna-
tants for assessment of IFN-γ secretion using an 
ELISA assay.

The second immunotherapy already undergo-
ing clinical trials in several countries, predomi-
nantly in the US led by the Baylor College of 
Medicine (Houston, TX, USA), seeks to take 
advantage of virus-specific T cells. VST aims to 
treat different viral infections including cytomeg-
alovirus, Epstein-Barr (EBV) virus, BK virus, 
adenovirus, and human herpesvirus 6 (HHV-6) 
[71]. Fanconi anemia (FA), a defective DNA 
repair syndrome, is associated with congenital 
abnormalities, cancer predisposition, and bone 
marrow failure during the first decade of a 
patient’s life. An innovative gene-based strategy 
has shown promise for the correction of the 
pathogenic mutations present in the FANCA 
gene sequence, introducing the prospect of a low- 
toxicity therapeutic option for this life- threatening 
disorder. The team led by Dr. Juan Bueren 
(CIEMAT, Madrid, Spain) demonstrated that len-
tiviral-mediated hematopoietic gene therapy 
reproducibly conferred engraftment and a prolif-
eration advantage of gene-corrected HSC in non-
conditioned patients with FA subtype A [72]. 
Demonstrating the potency of the procedure for 
phenotypic correction of blood and bone marrow 
cells, the targeted hematopoietic progenitors and 
T lymphocytes acquired resistance to DNA cross- 
linking agents. To test the repopulating ability of 

CD34+ cells edited with the therapeutic cassette, 
samples were transplanted into mice. Analysis of 
the hematopoietic organs confirmed a multilin-
eage human hematopoietic engraftment. In addi-
tion to the in vivo data, qPCR analyses confirmed 
successful gene editing in the target HSC. 
Interestingly, corrected HSC showed repopulat-
ing properties in  vivo that provided a selective 
advantage with respect to HSC carrying FANCA 
mutations [73].

9.7  The Case of Pluripotent Stem 
Cells

Since their discovery by Prof. Shinya Yamanaka 
(Kyoto University, Japan) [74], the development 
of induced pluripotent stem cells (iPSC) has 
offered an evolved understanding of mechanisms 
governing cell type-specific differentiation fur-
thering the possibility of scalable manufacture of 
cellular therapies for regenerative medicine [75, 
76]. Potency is understood as the capacity of 
iPSC to differentiate into clinically relevant cells 
having specific phenotypic and functional quali-
ties that can be found in cells from any of the 
three germ layers [77]. Of particular potential 
benefit, this approach allows for donor selection 
on the basis of major transplant antigen systems, 
thus enabling MHC matching to improve engraft-
ment and complement other immunoregulatory 
approaches to allow iPS treatment for the widest 
range of patients worldwide, reducing the likely 
risk of immunological rejection and the degree of 
immune suppression or tolerance required [78–
80]. In this regard, a few initiatives are currently 
addressing the production of cell banks of clini-
cal grade iPSC of specific haplotypes of high 
 frequency in the population as active pharmaceu-
tical ingredients (API) according to current good 
manufacturing practice (cGMP) regulations [81].

9.8  Final Remarks

Current examples of potency testing among 
approved ATMP have confirmed the complexity 
of finding a suitable potency assay, yet they have 
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shown that relatively straightforward strategies 
can be followed by developers to comply with 
regulatory requirements. It is encouraging that 
our understanding of MoA has been able to 
advance rapidly together with technologies 
enabling novel bioassay designs, with potency 
assays stimulating collaborative progress.
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10From the Integrity of Potency 
Assays to Safe Clinical 
Intervention: Legal Perspectives

Waltter Roslin and Juli Mansnérus

10.1  Introduction

Stem cells are increasingly researched and 
applied within medicine, as their potential holds 
considerable promise. However, intensified 
research on their potential therapeutic applica-
tions ushers the development of medicinal prod-
ucts based on this technology, which also brings 
forth the need to consider how the novel products 
function within the pre-established legal frame-
work intended to safeguard the research industry, 
and most importantly the patients. In regenerative 
medicine, potency of a stem cell-based product is 
a critical quality attribute [20]. Therefore, imple-
mentation of relevant potency assays is of para-
mount importance for assessment of quality, 
integrity, and consistency of an advanced therapy 
medicinal product (ATMP). They are also critical 
for clinical development as a tool for prediction 
of ATMP’s clinical efficacy and effective dose. 
Finally, potency assays help ensure integrity, sta-
bility, and quality in manufacturing ATMPs. 
Establishment of potency for biological products 
is appreciably complicated (see for instance [15]) 
and in the case of stem cell-based ATMPs, even 
harder due to their highly complex molecular 
nature and modes of action involving many path-
ways that may not be entirely known or under-

stood. A risk-based approach, relying on the most 
recent scientific publications on modes of action, 
coupled with robust development data is needed 
for creating a potency assay strategy for product 
development and authorization purposes.

This chapter outlines the EU regulatory frame-
work for stem cell-based ATMPs, illustrating 
some possible ways to meet the regulatory chal-
lenges of potency assays associated with ATMP 
development. It also provides an overview of the 
ATMP Regulation from the perspective of stem 
cell products, focusing on their definition, 
requirements, and application within the frame-
work of the law, while introducing the relevant 
legislations regarding the planned development 
and research of ATMPs. The main focus will be 
within EU legislation, paying attention to the 
publications of the European Medicines Agency, 
to establish and present the current interpretation 
of the EU legislation in place.1 While the whole 
lifecycle of a medicinal product needs to be 
acknowledged, this overview will emphasize the 
premarket authorization stage, given the current 
lack of many stem-cell-based products beyond 
the authorization stage.

1 As the pharmaceutical industry operates also on a global 
level, insight can be gained from observing foreign prac-
tices. For further reading, see: Takashima et  al. [24]; 
Ghinea et al. [11]; for a US-EU overview of policies see: 
Iglesias-Lopez et al. [15]; however, this review intends to 
give a short introduction into the EU regulatory scheme, 
and is thus limited in scope.
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10.2  The Evolving Regulatory 
Concept of Potency

The potency assay establishes a quantitative mea-
sure of biological activity that seeks to measure the 
ability of the medicinal product to trigger a spe-
cific response in a disease-relevant biological sys-
tem [2, 6, 7, 12]. Initially, the ICH Q6B [12] 
guideline defined potency as “[t]he measure of the 
biological activity using a suitably quantitative 
biological assay (also called potency assay or bio-
assay), based on the attribute of the product which 
is linked to the relevant biological properties.” It 
should be noted that the notion of potency has 
evolved in course of recent decades and it has been 
applied to various different types of pharmaceuti-
cals ranging from plant-based medicinal products 
to chemical ones, then later to more complex bio-
logical products now including ATMPs. Earlier, 
with limited knowledge of the active substance’s 
biochemical structure, potency verification was 
actually the only way to ensure the therapeutic 
product would meet its requirements when applied 
in the clinic. Also in earlier times, reference was 
made to the concept of “biological activity mea-
surement,” while now in modern-day medicine the 
biochemical structure of and mode of action of a 
synthetically produced molecule is well character-
ized. Therefore, in case of synthesized chemical 
medicinal products, measuring the content (the 
actual strength) by a dosage in most cases is an 
adequate approach [21, pp. 5–10].

A new consideration when applying potency 
measurement to highly complex biological prod-
ucts, such as ATMPs, is the additional complexity 
and involvement of heterogeneous molecular 
properties resulting in modes of action that may 
not be entirely understood, since in some cases 
they may entail a number of different pathways. 
Consequently, the “old-school” mass and 
content- focused approach may no longer be an 
adequate measure to determine the biological 
activity, or potency of a particular ATMP. For this 
reason, as part of quality assessment and quality 
control, specific potency assays are needed to 
detect the actual ATMP functional activity [21, 
pp. 5–10]. In the case of some other types of bio-
logicals, the modes of action are often at least 

partly specified, facilitating design and imple-
mentation of the chosen potency assay approach. 
In this respect, developers of stem cell-based 
ATMPs can encounter huge challenges due to 
variability of their starting materials and the 
highly complicated biological properties of their 
productsproduct development process [5].

The potency of these stem cells can be speci-
fied by means of diverse functional assays besides 
the evaluation of various molecular markers.2 
Usually, knowledge on a specific product is grad-
ually compiled during the experimental product 
development process. Sometimes the process 
starts with identification of a simple indicator that 
is later refined toward more specific, relevant, and 
reliable quantification of its biological activity.3 In 
the case of stem cell-based ATMPs, potency 
assessment is typically a protracted ongoing and 
evolving development process that, if successful, 
results in the determinant tests being applied to a 
particular product. They are used not only for 
monitoring stability but also for creating a link 
between quality criteria and efficacy [21, 
pp. 5–10]. When an experimental product is being 
developed and scaled up to a commercial one, 
potency assays establish comparability and con-
sistency between ATMP batches in industry-scale 
manufacture. As a necessary cornerstone for 
robust ATMP development and quality assurance, 
potency assays play a key role in product charac-
terization and authorization for its release.

10.3  The Emergence 
of the Regulatory Landscape 
for Stem Cell-Based ATMPs 
and Their Potency Assays

The rapid emergence of human tissue engineer-
ing technologies in the late 1990s raised some 
worries about insufficient regulatory governance 
in the field of regenerative medicine and it was 

2 These molecular markers could include diagnosis of 
transcriptional, epigenetic, and metabolic states of stem 
cells.
3 A simple indicator could be, for instance, a specific cell 
surface marker.
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evident that more harmonized EU legislation was 
needed [16, p. 172]. The urging need for creating 
a favorable regulatory atmosphere to support and 
facilitate the development of a strong internal 
market for ATMPs has persisted. Retrospectively, 
it has turned out to be a difficult task. Even today, 
developers of potency assays for stem cell-based 
ATMPs do not only encounter intrinsic4 or opera-
tional challenges,5 but they also frequently 
encounter legal and regulatory roadblocks during 
the development process.

In 2007, Regulation No. 1394/2007 of the 
European Parliament and of the Council (the 
ATMP Regulation) was issued as a consequence 
of heavy industry lobbying, resulting in introduc-
tion of industry-level current good manufacturing 
practice (cGMP) requirements to cover small- 
scale, niche ATMP products [16]. That made the 
market access process quite burdensome for 
small- and medium-sized enterprises and aca-
demia operating in the field. Yet, more recently, 
some adaptations and flexibilities have been 
introduced to the applicable cGMP guidelines 
that have been made more specific to ATMPs. 
The most recent adaptations to the ATMP-specific 
cGMP requirements, together with risk- 
proportionate adaptations to clinical trials, repre-

4 Further analysis of these intrinsic challenges is left out-
side the scope of this chapter. Still, it can be briefly men-
tioned that it is very difficult to characterize the complete 
mode of action of a stem cell-based ATMP. The mode of 
action can also be associated with a number of different 
factors that are not clearly indicated. Some of these fac-
tors may also take place in different stages of the in vivo 
response to the therapy. It can be an impossible task to 
develop an assay that reflects complete mode of action 
each and every element of a complex stem cell-based 
ATMP to qualify all steps of the organism’s response to 
the therapy. Furthermore, stem cell-based ATMPs often 
comprise of may active cell types involving potential bio-
logical activity. There may also be different kind of syner-
gies and interferences that depend on the composition of 
the product.
5 Despite operational challenges are left outside the scope 
of this chapter, it can be mentioned that such challenges 
include, for instance, short shell lives of the products 
requiring potency assays that can be read fast, limited 
amount of starting materials resulting in small batch-
sizes, and also any sample taken for purposes of quality 
assurance reduces the quantity of product available to the 
patient.

sent positive developments that may accelerate 
market entry of ATMPs, since several changes in 
applicable guidelines and standards aim to facili-
tate the development and manufacturing of 
ATMPs in the future [17, pp. 128–133].

10.4  Overview of the Current EU 
Regulatory Framework 
for Stem Cell-Based 
Therapies

Stem cell-based products often fall under the 
definition of ATMPs consisting of products that 
generally encompass recombinant nucleic acids 
or engineered cells and/or tissues [13, p.  2]. 
These are covered by the EU-wide ATMP 
Regulation intended to harmonize the develop-
ment, safety, and introduction of medicinal prod-
ucts within the Member States, promoting free 
movement of the products available to every 
State. The overall scheme of medicinal products 
for human use is governed by Directive 2001/83/
EC and Regulation 726/2004/EC, that underpin 
the general authorization procedure, established 
the European Medicines Agency and harmonize 
definitions of medicinal products for all Member 
States. Table 10.1 provides an overview of rele-
vant EU legislation covering the ATMP field.

10.4.1  ATMP Regulation Covering 
the Market Access, 
Supervision 
and Pharmacovigilance 
of Advanced Therapies

The scope of the Regulation is defined as the 
authorization, supervision, and pharmacovigi-
lance of ATMPs. Clearly, the rules are intended to 
be lex specialis, and while the Regulation is to be 
read in conjunction with both Directive 2001/83/
EC and Regulation 726/2004/EC, it holds the pri-
ority when the subject matter consists of ATMPs 
[13, p. 2]. The Regulation consists of eight chap-
ters that concern the harmonization of defini-
tions, specific requirements set for ATMPs for 
market authorization, the process both prior and 
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Table 10.1 Overview of the ATMP relevant EU legislation

EU legislation Topic Comment
Directive 
2001/83/EC

The Community code relating to medicinal 
products for human use

Harmonizes definitions, sets rules for 
monitoring and the procedure for market 
authorization

Regulation 
(EC) No. 
726/2004

Laying down Community procedures for the 
authorization and supervision of medicinal 
products for human and veterinary use and 
establishing a European Medicines Agency 
(EMA)

Builds upon Directive 2001/83 and sets up 
EMA

Regulation 
(EC) No. 
141/2000

Orphan medicinal products Defines the specific rules regarding orphan 
medicinal products and establishes the 
Committee for Orphan Medicinal Products

Regulation 
(EC) No. 
1901/2006

Medicinal products for pediatric use and 
amending Regulation (EEC) No. 1768/92, 
Directive 2001/20/EC, Directive 2001/83/EC, 
and Regulation (EC) No. 726/2004

Defines the specific rules regarding medicinal 
products for children and establishes the 
Paediatric Committee. N.B. Articles 20, 49, and 
51 are amended in Regulation (EC) No. 
1902/2006

Regulation 
(EC) No. 
1394/2007

Advanced therapy medicinal products and 
amending Directive 2001/83/EC and Regulation 
(EC) No. 726/2004

Defines the specific rules regarding ATMPs and 
amending the preexisting legislation to better 
encompass ATMPs. Establishes the Committee 
for Advanced Therapies

Directive 
2001/20/EC

The approximation of the laws, regulations, and 
administrative provisions of the Member States 
relating to the implementation of good clinical 
practice in the conduct of clinical trials on 
medicinal products for human use (Clinical 
Trials Directive)

Predecessor to Regulation (EU) No. 536/2014, 
seeking to harmonize administrative procedure 
governing clinical trials within EU Member 
States

Regulation 
(EU) No. 
536/2014

Clinical trials on medicinal products for human 
use and repealing Directive 2001/20/EC

Not yet in force, will be set to replace Clinical 
Trials Directive once the EU portal and 
database by the European Medicines Agency is 
fully functional (estimate end of 2021)

Directive 
2004/23/EC

Setting standards of quality and safety for the 
donation, procurement, testing, processing, 
preservation, storage, and distribution of human 
tissues and cells

Harmonizes the procedures regarding the 
handling of human tissues and cells

post authorization, establishing the Committee 
for Advanced Therapies (CAT), and provision of 
incentives for technological development.

The current definition for ATMPs allows refer-
ence to any of the three already introduced cate-
gories, a gene therapy medicinal product (GTMP) 
as defined in Part IV of Annex I to Directive 
2001/83/EC, a somatic cell therapy medicinal 
product (CTMP) as defined in Part IV of Annex I 
to Directive 2001/83/EC, or a tissue engineered 
product (TEP) as defined in point (b). Prior to the 
introduction of the ATMP Regulation, GTMPs 
and CTMPs had already been introduced with 
Directive 2003/63/EC amending Directive 
2001/83/EC that had introduced the ATMPs in 
2003; however, TEPs were considered an unregu-
lated class of medicinal products, with varying 
practices between Member States regarding their 

authorization. This divergence had resulted in 
fragmentation of practice that threatened the free 
movement of TEPs, which required harmoniza-
tion; hence, this was achieved via the ATMP 
Regulation [16, p.  24]. TEPs were added under 
the umbrella of ATMPs, as “products that con-
tains or consists of engineered cells or tissues, 
and is presented as having properties for, or is 
used in or administered to human beings with a 
view to regenerating, repairing or replacing a 
human tissue.” The final subcategory are 
 combined ATMPs, products that combine medical 
devices as an integrated part of the medicine. A 
product’s classification can require profound sci-
entific analysis. For instance, when considering 
cell therapy medicinal products and TEPs, both 
aspects require that the manipulation of a living 
material should be considered engineered. Article 
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2 1.c. defines ATMPs as “engineered” products 
that contain or consist of cells or tissues that have 
been subject to substantial manipulation, so that 
“biological characteristics, physiological func-
tions or structural properties relevant for the 
intended regeneration, repair or replacement are 
achieved” and/or “the cells or tissues are not 
intended to be used for the same essential func-
tion or functions in the recipient as in the donor.” 
[16, p.  24]. However, the distinction between 
CTMP and TEP is that instead of administering 
the product with a view to treating, preventing, or 
diagnosing a disease through the pharmacologi-
cal, immunological, or metabolic actions of its 
cells or tissues, the product is used to regenerate, 
repair, or replace human tissue. What matters in 
the categorization is the intended action and effect 
of the product. Naturally, problems can arise 
when the distinction between the products is 
unclear; for instance, a product that exerts a phar-
macological action in order to regenerate, repair, 
or replace a human tissue. For these cases, prem-
ises have been established in order to categorize a 
specific product: a product which may fall within 
the definition of a TEP and CTMP should be con-
sidered a TEP according to ATMP Regulation, 
although the final classification should be consid-
ered on a case-by-case basis [13, p. 8].

There is also an exception intended for spe-
cific, more experimental products excluding 
them from the jurisdiction of the ATMP 
Regulation, known as the “hospital exception.” 
According to Article 28, if a product “which is 
prepared on a non-routine basis according to 
specific quality standards, and used within the 
same Member State in a hospital under the exclu-
sive professional responsibility of a medical 
practitioner, in order to comply with an individ-
ual medical prescription for a custom-made 
product for an individual patient” then it will be 
up for the Member States to authorize the use 
these products (Directive 2001/83/EC Art 3(7)). 
The exception was adopted to ensure that non-
profit entities would not be barred from develop-
ing ATMPs, due to the lack of financial and 
human resources required to comply with EU 
pharmaceutical legislation. This has remained 
one of the most controversial articles, as its rather 

broad interpretation, it could enable the circum-
vention of the requirements set by the ATMP 
Regulation. Additionally, Committee for 
Advanced Therapies (CAT) and EMA have 
recently published warnings toward unregulated 
cell-based treatments available to patients, as 
their impact can be ineffective or unsafe [9]. It is 
here where the easier affirmation of potency 
becomes increasingly relevant to shift the para-
digm toward proven rather than unproven 
products.6

When considering the perspective of market 
authorization, the ATMP Regulation introduced 
the centralized procedure as the mandatory pro-
cedure for authorization. In the case of regular 
medicinal products, the applicant can in general 
choose between the national paths operated by 
the Member States’ national authority or decide 
upon the centralized authorization procedure, 
coordinated by EMA. The ATMP requirement for 
a centralized procedure is due to the evaluation 
requiring a very specific technological knowl-
edge that might not be readily available within 
Member States, and to ensure a high level of sci-
entific evaluation of these medical products 
within the EU (ATMP Regulation, Preface (9) 
(10)). With the evaluation of the product, the 
CAT needs to be consulted prior to the decision 
being taken, giving them the pivotal role of pro-
viding scientific assessment of ATMPs. Based on 
this consultation, the decision is then taken by the 
Committee for Medicinal Products for Human 
Use (ATMP Regulation, Article 8). However, 
with clinical trials for ATMPs, the application 
needs to be submitted to the competent national 
authority, depending on where the clinical trials 
are to be conducted. This means that while the 
market authorization procedure must be central-
ized, clinical trials are still Member State 
specific.

As alluded in the previous paragraph, the 
ATMP Regulation established the CAT to pro-
vide an opinion on the quality, safety, and effi-
cacy of an ATMP for the final approval before 
marketing authorization by the Committee for 

6 For further reading, see: Master et al. [18]; Smith et al. 
[23].
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Medicinal Products for Human Use (ATMP 
Regulation, Article 22). However, the CAT also 
bears the role of providing advice and assistance 
in determining whether a product falls under the 
definition of an ATMP, or in providing general 
scientific assistance regarding ATMPs. Thus, 
overall, the CAT is the committee within EMA 
responsible for classifying; assessing the quality, 
safety, and efficacy of ATMPs; and following sci-
entific progress within its mandate [13, p.  2]. 
Currently, the CAT is engaged with finalizing a 
guideline on quality, nonclinical, and clinical 
requirements for applications for clinical trials 
for ATMPs [1].

Notwithstanding the EMA’s harmonization 
attempts, it appears that it is rather difficult to set 
quality criteria for stem cells, due to the hetero-
geneity of a cell preparation and also due to the 
presence of cells at various stages of induced dif-
ferentiation. The quality control of a product is 
important for both patient safety and efficacy of 
the product, meeting a number of concerns 
regarding viral safety, characterization of cell 
population purity and differentiation status, 
potency testing, and process validation to control 
for consistency and potential risk of tumorigenic-
ity [10].

The ATMP Regulation has several inconsis-
tencies, both in the application of the hospital 
exception as well as the lack of harmonized clas-
sifications. Inconsistencies in the application of 
the hospital exemption is conducive to creating 
uncertainty among national competent authori-
ties and developers of ATMPs, as it does not pro-
mote the harmonization of practices. 
Inconsistencies in the implementation of the 
ATMP Regulation, in particular the lack of har-
monized ATMP classifications, constitute a bar-
rier to the development of ATMPs across the EU, 
as national competent authorities cannot resort to 
classification procedure when they face difficul-
ties with the classification of ATMPs.

Simultaneously, cGMP compliance-related 
costs have been reported to constitute a major 
bottleneck for the translation of research into 
advanced therapies. It has been argued that rigor-

ous technical requirements (which are not nega-
tive as such) risk becoming disproportionately 
costly for SMEs and, consequently, impeding 
innovation [16]. Recent ATMP-specific adapta-
tions to cGMP requirements have been welcomed 
by developers of ATMPs, as the specific charac-
teristics of ATMPs are now better taken into con-
sideration. These flexibilities are anticipated to 
decrease the costs related to compliance with 
cGMP guidelines. It appears that along with the 
EMA, some regulatory authorities in the Member 
States seem to have adopted a pragmatic approach 
already, allowing for a risk-based assessment of 
manufacturing procedures. The most recent 
adaptations to the ATMP-specific cGMP require-
ments together with the risk-proportionate adap-
tations to clinical trials represent positive 
developments that may facilitate the market entry 
of ATMPs.

Among other things, a number of changes in 
applicable guidelines and standards are likely to 
facilitate the development and manufacturing of 
ATMPs in the foreseeable future: ATMP-specific 
cGMP standards, Q & A document on the risk- 
based approach to non-substantially manipulated 
ATMPs, guidelines on GLP for ATMPs (all above 
published 2017), guidelines on good clinical 
practice (GCP) for ATMPs led by the European 
Commission (published 2019), guidelines on 
investigational ATMPs (consultation closed), sci-
entific guidelines on ATMPs (a number of guide-
lines have been adopted lately or are being 
revised), scientific considerations on gene editing 
technologies (under preparation), as well as 
guidelines on safety, efficacy, and risk manage-
ment plans (RMPs) for ATMPs and the re- 
revision of the EMA’s procedural guidance on the 
evaluation of ATMPs (both revised in 2018). The 
introduction of the supplementary cGMP require-
ments for ATMPs is not only necessary to facili-
tate the market entry of new ATMPs but also 
serves to protect public health.7

7 Interestingly, some individual action plans have been 
made within the EU to facilitate the introduction of new 
developments, see: Cuende et al. [3].
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10.4.2  Allogeneic or Autologous: 
Does the Origin of the Source 
Materials Affect the Process?

In order to acquire the genetic material required 
for stem cell-based ATMPs, the donation, pro-
curement, and testing of those cells or tissues 
shall be made in accordance with Directive 
2004/23/EC (ATMP Regulation, Article 3). The 
supervision of which is left for the applicable 
Member States’ national authority. There is no 
specific regulatory impact on whether the source 
of the cells is allogeneic or autologous; however, 
if the tissues and cells are removed and trans-
planted from the same individual, within the 
same surgical procedure, these are excluded from 
the jurisdiction of Directive 2004/23/EC accord-
ing to Article 8. From the ATMP perspective, the 
substantial manipulation of stem cells is a man-
datory feature in its determination; hence, when 
considering either allogeneic or autologous 
sources of cells, the extent that they are manipu-
lated influences the applicable legislative 
framework.

The majority of ATMPs that progress to autho-
rization or at least to the stage of clinical trials are 
manufactured from autologous mononuclear 
cells. The starting material is procured by hospi-
tal- or blood bank-operated apheresis facilities, 
which creates a peculiar situation in which a 
product starts under Directive 2004/23/EC, 
before falling under the ATMP Regulation, and 
where the hospitals’ role transforms into a ser-
vice provider for industry. By becoming a service 
provider, there should be further definition of the 
respective responsibilities and liabilities for both 
parties involved [19, p. 463].

10.4.3  EU Clinical Trials Regulation 
Streamlining the Application 
Procedure

While market access in the EU is granted via the 
centralized procedure, the approval of clinical tri-
als for ATMPs is within the mandate of each 
Member States in which the sponsor plans to 
conduct the clinical trial. Member States have 

individual regulatory oversight for application, 
administrative procedures, execution, and sur-
veillance of such studies. However, general guid-
ance and framework has been implemented by 
the European Commission to approximate the 
rules and requirements for conducting clinical 
trials on medicinal products for human use, to 
ensure easier access within the European market. 
In 2001, the Clinical Trials Directive 2001/20/EC 
was issued by the European Commission to cre-
ate such a framework through uniform good clin-
ical practices. The directive also tackled aspects 
regarding the protection of clinical trial subjects 
as well as the formal and legal framework for the 
management of clinical trials, referring to the 
commencement, conduct, amendment, and sus-
pension of a clinical trial [22, p. 87]. Naturally, as 
ATMPs are often the result of a complex manu-
facturing process, donor suitability, and quality 
control of procuring the genetic material is inte-
gral to the development of ATMPs. These require-
ments for quality and safety standards for the 
donation, procurement, and testing of human tis-
sues and cells are specified in Directives 2004/23/
EC and 2006/17/EC and Directive 2002/98/EC 
for human blood cells [22, pp. 87–98].

Overall, the CAT and the Committee for 
Medicinal Products for Human Use (CHMP) at 
the EMA have issued several guidelines address-
ing the scientific requirements for ATMPs. 
However, most of these guidance documents 
have described the set of quality, nonclinical, and 
clinical data needed at the level of the marketing 
authorization application of an ATMP. This often 
differs from the available data during the clinical 
trial development [22, pp. 91–92]. Nonetheless, 
with the Draft CAT guideline EMA/
CAT/852602/2018, there is a specific plan to 
tackle ATMP-related clinical trials. This is most 
likely related to the enforcement of the new 
Clinical Trials Regulation.

The new Clinical Trials Regulation (Regulation 
536/2014) entered into force on June 16, 2014; 
however, due to technical difficulties, an integral 
part for its functioning. The new Clinical Trials 
Information System (CTIS) was unable to be 
completed within the intended timeframe. It then 
followed that the old directive was applicable 
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until January 31, 2022 when the CTIS became 
fully functional and operational.

From the perspective of ATMP developers, the 
Clinical Trial Regulation allows for a streamlined 
application procedure via a single-entry point EU 
portal and a more harmonized review of clinical 
trial applications with a view to faster approval 
times. Member States do retain the authorization 
and oversight of clinical trials with added super-
vision from the EMA through the management of 
CTIS.  The EMA has also paid attention to the 
differing requirements across the EU Member 
States. In particular, the integration of assessment 
in clinical trial authorizations poses a challenge 
in the context of multicenter clinical trials on 
ATMPs. The timelines of such assessment should 
be aligned with those of a clinical trial authoriza-
tion. Regardless of the harmonization of the 
application process, it should be noted that ethi-
cal approvals of clinical trials remain within the 
competence of the Member States. Consequently, 
the endorsement of a trial depends on the ethical 
position adopted by the ethical boards of the 
Member States [17, p. 134].

10.4.4  “Soft Law” Encountering 
“Hard Science”: Flexibilities 
Are Needed to Deal 
with Rapid Scientific 
Advancements in an Ethically 
Sensitive Field

Not all legislative tools are heavily binding 
sources like the mandatory ATMP Regulation, as 
the nature of the ATMPs is highly technical, the 
creation of all-encompassing legislation can be 
considered a difficult feat, as the potential limits 
of technological development are constantly 
being stretched. Therefore, paired with the bind-
ing legislative framework consisting of the regu-
lations and directives, EMA, CAT, and the 
Commission have issued guiding documents and 
recommendations to better facilitate the applica-
tion of the laws as well as react to the changing 
potential within technology. An overview of the 
EU guidance covering ATMPs is provided in 
Table 10.2.

These so-called “soft-law” guidelines could 
be also used to address the EU’s limited mandate 
to harmonize the ethical aspects of ATMPs; that 
is, the origin of ethical neutrality and the highly 
technical approach taken with the ATMP 
Regulation where the most disputed ethical 
aspects have not been dealt with (namely, the 
commercialization of altruistically donated mate-
rial of human origin) [17, p. 128]. Through com-
mon targets and recommendations, unified 
practice can be reached. However, with ethical 
issues left to be dealt with by the Member State, 
there are still approaches lacking harmony with 
regard to the availability of certain types of raw 
materials or products based on such materials. In 
addition, the current wording of Article 4 
Directive 2001/83/EC is drafted so ambiguously 
that the Member States may deny access to prod-
ucts based on cells or tissues on many possible 
grounds [16, p. 173; 17, p. 128].

Where soft law has been utilized more, is in 
relation to redefining cGMP compliance, espe-
cially with small-scale production of autologous 
products. For such tailor-made production, the 
expensive industrial cGMP manufacture model is 
not well suited [16, pp. 173–174]. In order to miti-
gate these issues, the European Commission 
launched ATMP-specific cGMP guidelines also 
addressing some particularities of autologous 
products [4]. In general, cGMP compliance- related 
costs have been reported to constitute a major bot-
tleneck for the translation of research into advanced 
therapies. It has been argued that rigorous techni-
cal requirements (which are not negative as such) 
risk becoming disproportionately costly for SMEs 
and, consequently, impeding innovation. Recent 
ATMP-specific adaptations to cGMP requirements 
have been welcomed by developers of ATMPs, as 
the  specific characteristics of ATMPs are now bet-
ter taken into consideration. These flexibilities are 
anticipated to decrease the costs related to compli-
ance with cGMP guidelines. In addition, the intro-
duction of the supplementary cGMP requirements 
for ATMPs is not only necessary to facilitate the 
market entry of new ATMPs but also to protect 
public health. It appears that along with the EMA, 
some regulatory authorities in the Member States 
seem to have adopted a pragmatic approach 
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Table 10.2 Overview of the EU guidance documents covering ATMPs

Document title Document description
Guideline on human cell-based 
medicinal products (EMEA/
CHMP/410869/2006)

A multidisciplinary guideline addressing development, manufacturing, 
and quality control as well as nonclinical and clinical development of 
cell-based medicinal products.

Guideline on potency testing of 
cell-based immunotherapy medicinal 
products for the treatment of cancer 
(CHMP/BWP/271475/06)

This guidance document covers viable cell products for cancer- 
immunotherapy from autologous or allogeneic origin.

Guideline on safety and efficacy 
follow-up and risk management of 
advanced therapy medicinal products 
(EMEA/149995/2008)

The Regulation defines ATMPs as gene therapy medicinal products, 
somatic cell therapy medicinal products, and tissue engineered products. 
This Guideline focuses on unique characteristics of ATMPs as further 
detailed in the Chap. 6 – Scientific Rationale. Its applicability is 
restricted to ATMPs.

Quality, nonclinical, and clinical aspects 
of medicinal products containing 
genetically modified cells (CHMP/
GTWP/671639/2008)

This Guideline defines scientific principles and provides guidance for 
the development and evaluation of medicinal products containing 
genetically modified cells intended for use in humans and presented for 
marketing authorization. Its focus is on the quality, safety, and efficacy 
requirements of genetically modified cells developed as medicinal 
products.

Reflection paper on stem cell-based 
medicinal products (EMA/
CAT/571134/2009)

The aim of this reflection paper is to cover specific aspects related to 
stem cell-based medicinal products for marketing authorization 
application.

Reflection paper on in vitro cultured 
chondrocyte containing products for 
cartilage repair of the knee (EMA/CAT/
CPWP/568181/2009)

This reflection paper addresses specific points related to medicinal 
products containing in vitro cultured autologous chondrocytes intended 
for the repair of cartilage lesions of the knee.

Guideline on xenogeneic cell-based 
medicinal products (EMEA/CHMP/
CPWP/83508/2009)

This Guideline addresses the scientific requirements for xenogeneic 
cell-based medicinal products for human use.

Reflection paper on clinical aspects 
related to tissue engineered products 
(EMA/CAT/573420/2009)

This reflection paper is intended to provide specific guidance on clinical 
testing for tissue engineered products as defined in Regulation (EC) No. 
1394/2007. This also applies to cells or tissues combined with a medical 
device and considered a combined advanced therapy medicinal product 
(ATMP) according to Art. 2(d) of Regulation (EC) No. 1394/2007.

Advanced therapy medicines: exploring 
solutions to foster development and 
expand patient access in Europe 
(EMA/345874/2016)

This report summarizes the main ideas and solutions proposed during 
the meeting as well as responses sent ahead of the meeting via a 
questionnaire. (Facilitating research and development, optimizing 
regulatory process for ATMPs, moving from hospital exemption to 
marketing authorization, improving funding, investment, and patient 
access.)

Guidelines of 22.11.2017 Good 
Manufacturing Practice for advanced 
therapy medicinal products (C(2017) 
7694)

These Guidelines develop the GMP requirements that should be applied 
in the manufacturing of ATMPs that have been granted a marketing 
authorization and of ATMPs used in a clinical trial setting. These 
Guidelines do not apply to medicinal products other than ATMPs.

Questions and answers on comparability 
considerations for advanced therapy 
medicinal products (ATMP) (EMA/
CAT/499821/2019)

The presented Q & A aims to address specific issues pertaining to the 
demonstration of comparability at the level of quality aspects for 
ATMPs.

Guidelines on Good Clinical Practice 
specific to advanced therapy medicinal 
products (C(2019) 7140)

These Guidelines develop the GCP requirements that are specific to 
clinical trials conducted with ATMPs. These Guidelines are to be read in 
conjunction with the International Council for Harmonisation of 
Technical Requirements for Pharmaceuticals for Human Use (ICH) 
guidelines on good clinical practice, which are also applicable to 
ATMPs. To the extent that there is a difference in the requirements, the 
content of these Guidelines prevails.

(continued)
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Table 10.2 (continued)

Document title Document description
Draft guideline on quality, nonclinical, 
and clinical requirements for 
investigational advanced therapy 
medicinal products in clinical trials 
(EMA/CAT/852602/2018)

The guideline provides guidance on the structure and data requirements 
for a clinical trial application for exploratory and confirmatory trials 
with advanced therapy investigational medicinal products (ATMPs).

ICH guideline S12 on nonclinical 
biodistribution considerations for gene 
therapy products – Step 2b (EMA/
CHMP/ICH/318372/2021)

The objective of this guideline is to provide harmonized 
recommendations for the conduct of nonclinical biodistribution (BD) 
studies in the development of gene therapy (GT) products. This 
document provides recommendations for the overall design of 
nonclinical BD assessments.

already, allowing for a risk-based assessment of 
manufacturing procedures. The most recent adap-
tations to the ATMP-specific cGMP requirements 
together with the risk- proportionate adaptations to 
clinical trials represent positive developments that 
may facilitate the market entry of ATMPs. Among 
other things, several changes in applicable guide-
lines and standards are hoped to facilitate the 
development and manufacturing of ATMPs in the 
near future [17, pp. 128–133].

10.4.5  EU “Soft Law” Levelling 
the Playing Field for Potency 
Assay Developers

Interestingly, even today some of the EMA’s 
guidelines discussing quality aspects of ATMPs 
seem to refer back to the ICH Q6B1 guideline 
from 1999, that specified expectations for a bio-
logical product. Later, the first EU guideline on 
quality and manufacturing issues for cell-based 
medical products was enacted in 2001. The focus 
was on quality management of cell-based medic-
inal products. It addressed among other things 
the use of validated potency assays for measuring 
biological activity. Already then, potency assays 
were seen as one of the quality attributes and cri-
teria for qualification, validation, and control 
strategy of cell-based products. The superseding 
current guideline on human cell-based medicinal 
products (EMEA/CHMP/410869/06), notes the 
particular difficulties faced when characterizing 
the biological function of a cell-based medicinal 
product. In terms of potency assessment, it 

includes the possibility to use several potency 
assay types. Additionally, it permits use of sur-
rogate markers8 for in vitro assays linked to the 
intended biological activity of the cell-based 
medicinal product. Yet, it should be noted that if 
the mode of action entails some specific meta-
bolic activity, surrogate endpoints alone are 
unlikely to be sufficient for potency assessment. 
The guideline also ambitiously requires that 
potency assay specifications should as much as 
possible rely on the efficacious dose based on 
correlations between potency results and (non)
clinical outcomes.9 In addition, there is also 
another product-specific guideline on potency 
testing of cell-based immunotherapy medicinal 
products for the treatment of cancer, which out-
lines the possibility to measure potency by means 
of in vivo or in vitro tests. It further states that 
potency assays must be created based on defined 
biological effect as close as possible to the mode 
of action or clinical response [12]. In addition, it 
requires potency assays to be “sensitive enough 
to detect clinically meaningful changes” [21, 
pp. 5–10].10 As for the Phase I clinical trials, the 
guideline also refers to “a suitable potency assay,” 

8 Such as cell surface markers, activation markers, or 
expression pattern of specific genes.
9 It is stated that: “The selection of the dose should be 
based on the findings obtained in the quality and the non-
clinical development of the product and it should be linked 
with the potency of product.”
10 In practice, this necessitates characterization of the 
cells’ phenotypic and functional properties, which will 
help to tailor the assays.
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but no further clarification regarding “suitability” 
is available.

As mentioned above, there is a particular 
product-specific guideline on genetically modi-
fied cells, which outlines that in potency assess-
ment, various different assays can be used in 
combination  [8].11 A public consultation was 
organized to gather experiences of the ATMP 
Regulation in 2013. At that time, commentators 
expressed the need for ATMP-specific adapta-
tions to the quality requirements and the need for 
more detailed guidance that took into consider-
ation particularities of ATMPs. As for the chal-
lenges regarding development and validation of 
ATMP-specific potency assays, it was high-
lighted that further EU-level guidance on potency 
testing was needed.

Currently, EMA seems to shifting toward risk- 
based approaches, providing more flexibility for 
the developers of ATMPs to specify and apply 
relevant product-specific pathways instead of 
issuing rigorous predefined requirements.12 This 
approach encourages innovation as it among 
other things creates novel possibilities for devel-
opers of chemistry manufacturing and control 
approaches that are suitable or even tailored for a 
particular product, instead of strictly adhering to 
some general requirements that may not be rele-
vant for the product under development. Hence, 
in order to gain regulatory approvals, there is a 
possibility to make product-specific adaptations 
to the development strategy, as far as these 
approaches rely on robust scientific understand-
ing and supportive data (Fig. 10.1).13

11 These could for instance include the number of geneti-
cally modified cells, the gene copy number, the expression 
level of the transgene, and the product activity level, as 
shown to be efficacious in clinical studies.
12 See for instance Mansnérus [17].
13 Interestingly, it is noted by Pimpaneau et al. that some 
products have been granted approvals when utilizing the 
surrogate endpoints as a measure of potency. This shows 
how adaptive regulatory pathways are now emerging in 
Europe and can be justified by means of a robust scientific 
rationale and data. It is further noted that development of 
a potency assay strategy is a long-term-process, that 
depends on a number of factors ranging from the aetiol-
ogy and the knowledge of the disease, availability of rel-
evant scientific publications, the desired composition of 

10.5  Conclusions

The ATMP Regulation aims to harmonize the 
legislative landscape for ATMPs throughout the 
EU, with the EMA offering regulatory support to 
developers. The near future will reveal how 
widely the reformed risk-based approach in 
cGMP manufacture and clinical trials gains wider 
general acceptance among the national regula-
tory authorities and ATMP developers in Europe. 
In this context, potency assay strategy should be 
taken into consideration as early as possible in 
the ATMP development process. Potency assays 
are not only a critical quality attribute, but in con-
text of the ATMP Regulation and its relevant EU 
“soft law” guidance, characterization and corre-
lations studies of potency assays can be used to 
justify the complete quality control and release 
strategy of an ATMP. It has been reported that a 
number of cell-based medicinal products 
(CBMPs) gained access to the internal markets 
after some struggle fulfilling the potency assay- 
related requisites, which could have been 
addressed by conducting appropriate studies ear-
lier in the ATMP development process. Likewise, 
difficulties with potency assays have been noted 
to lead to withdrawals during the regulatory 
assessment process [21, pp.  5–10]. The EMA’s 
risk-based approach allows for a more flexible 
strategy that takes into account particularities of 
each product.

the final product to result of characterizations as well as 
available modes of action studies. Altogether these ele-
ments have impact on the chosen regulatory strategy for 
development of potency assays for stem cell-based 
ATMPs. This process could start with (1) selection of a 
first potency test followed by (2) continued investigation 
of modes of action and product characterization; resulting 
in (3) proposal of orthogonal methods as knowledge is 
gained; thereafter (4) building correlations between tests 
and select the most relevant ones in order to refine the 
selection of the most relevant potency assays and specifi-
cations; and thereafter (5) building correlation with bio-
logical activity and clinical outcome in order to verify 
whether the potency assay can be used to analyze mean-
ingful clinical differences between batches allowing iden-
tification of a linkage to the dose; and finally (6) create the 
final strategy using surrogates, taking into consideration 
complementarity to comprehensively cover and correlate 
well with the modes of action.
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Potency test selection

Continued investigation

Proposal of orthogonal 
methods

Correlation with tests

Correlation with 
biological activity

Completed 
Strategy

Fig. 10.1 Development strategy relying on robust scientific understanding

Furthermore, a careful assessment of benefit–
risk balances should constitute a part of the 
development strategy early on. Successful imple-
mentation of risk-based approaches requires reg-
ular interaction with regulatory agencies as it is 
highly advised to exchange ideas about feasibil-
ity of the contemplated potency assay approach. 
In this context, access to the EMA’s scientific 
advice provides a constructive opportunity to dis-
cuss particular challenges arising in development 
process of potency assays in relation to the char-
acterization of the active substance. Sometimes 
early cooperation with regulatory authorities may 
also turn out to be helpful when setting the expec-
tations when mixtures of cells constitute the 
actual substance of an ATMP.  The insights of 
regulatory authorities can also be valuable when 
a complex product or mode of action is expected, 
inevitably affecting development of potency 

assays. Scientific advice also provides the oppor-
tunity to discuss correlations between tests and 
clinical outcomes. It can be helpful for selection 
of appropriate tests as well as specifications. 
Early interaction is likely to result in creation of 
additional data, which may turn out to be helpful 
when building a knowledge base by means of 
orthogonal methods, that in turn can be useful 
when proposing surrogate tests for the purpose of 
ATMP release.

Nonetheless, it remains to be seen whether 
these risk-based adaptations to our regularity 
framework are sufficient to nurture the ATMP 
field and ameliorate the availability and accessi-
bility of valuable treatments. It is prudent to dis-
cuss challenging aspects with regulators and 
health technology assessment bodies at the early 
stages of ATMP development. The evolution of 
authorization and its related procedures is likely 
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to occur under accelerated access pathways that 
need to be duly aligned with payment and reim-
bursement structures to ensure and facilitate 
patient access to new technologies.
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11The Evolving Landscape 
of Potency Assays

Jorge S. Burns 

11.1  Getting Potency Assays Just 
Right

There is a “goldilocks” aspect to potency assays 
[88]. On the one hand, a comprehensive evalua-
tion of the cell product with detailed quantitative 
measurement of the critical quality attribute/s 
(CQA) of the desired biological activity is 
required. On the other, the potency assay benefits 
from simplification and lean approaches that 
avoid unnecessary complication and enhance 
robustness, to provide a reproducible and scal-
able product. There is a need to balance insightful 
knowledge of complex biological healing pro-
cesses with straightforward manufacture of an 
advanced therapeutic medicinal product (ATMP) 
that can be administered in a trustworthy cost- 
effective manner. Earlier chapters within this 
book have highlighted numerous challenges fac-
ing the potency assay conundrum; however, this 
chapter offers a forward-looking perspective 
regarding the many advances that are likely to 
facilitate potency assay development in the 
future.

11.2  Finessing the Potency 
of ATMP

Great delicacy and skill accompany the long path 
between observations that guide new ideas for 
therapeutic intervention and the eventual clinical 
practice [111]. Enhanced focus on the potency 
assay experiment is best complemented by 
process- wide quality-by-design principles, 
replacing any “process is the product” compla-
cency with motivation that well-understood pro-
cesses can be further optimized to make 
manufacturing processes more efficient. 
Application of Lean thinking strategies can 
streamline research productivity and improve a 
number of key performance indicators [58]. 
When cell–gene therapy products involve manu-
facture outside the point of care, leading to highly 
specialized hospital/academic-based facilities 
having to collaborate with novel infrastructures 
[11], further factors, such as transportation con-
ditions, become relevant [174]. Of note, improved 
multipotent stromal cell (MSC) clinical trial vial- 
to- vein reporting and reduction of any variability 
in cell handling that affects potency will be 
important to generate data that will allow retro-
spective analysis to advance the development of 
ATMP [185]. It has been recommended that 
guidelines for long-term stability data for a range 
of ATMPs based on risk analysis would help har-
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monize specifications and procedures, in particu-
lar potency assays, among diverse cell therapy 
centres [20]. MSC viability, metabolic fitness, 
route of administration and host disposition are 
all key factors that impinge upon clinical potency 
[46]. Therefore, ATMP require a comprehensive 
development strategy and incremental improve-
ment in organizational and technological 
approaches. As a legal requirement of medical 
approval, the potency assay may be responsible 
for a significant late-stage delay in the availabil-
ity of a clinical product. Fortunately, prompt 
focus on potency assay development at early 
stages in the product lifecycle is increasingly 
popular. Providing a carefully conducted ade-
quate potency measure for each product serves to 
efficiently integrate the many aspects governing 
the quality of the whole manufacturing process. 
Potency assays inform whether the product dose 
can be expected to provide a desired clinical 
effect, providing reassurance of manufacturing 
process consistency and product reproducibility. 
Ideal potency assays, though unique to each 
product, have common specific main aims. The 
assay needs to reflect the mechanism of action 
(MoA). If biological pathways cannot be repro-
duced in their entirety, the assay should focus on 
the most relevant specific aspects of the 
MoA.  Direct correlation of the potency of the 
product to a predictable clinical efficacy may be 
difficult to achieve, hence surrogate biomarkers 
or functional assays may be needed to substitute 
clinical data. Even minor changes in the potency 
of a cell product may still have a large or unpre-
dictable impact on the clinical outcome. The abil-
ity for the potency assay to distinguish between a 
high-quality targeting product and a degraded 
product should be tested with multiple tests dur-
ing development [143] using intentionally 
degraded samples. Theoretically, potency can be 
quantified absolutely, yet in practice this may not 
always be achievable if there is too much vari-
ability. Consequently, the potency assay may 
assume a more binary “on/off” quantification 
according to specific measurable thresholds. 
Good performance parameters of a potency assay 
are accuracy, sensitivity and specificity, although 
there is appreciation that the limits of perfor-

mance may vary quite widely according to the 
assay type. It may be necessary to derive a relative 
potency, calibrating a response against a recog-
nized reference standard, expressing the relative 
potency as a percentage drift of the sample from 
the reference standard, reporting the outcome 
with confidence intervals. Selection of a suitable 
reference standard becomes a crucial factor deter-
mining the success of such relative potency 
assays. It is often generated internally, e.g. a well-
characterized development batch available at suf-
ficient quantities that allow it to be supplemented 
with an alternative batch after appropriate compa-
rability studies. Acceptable performance limits 
are to be defined, in some situations an assay 
detecting a change in potency of 5% may be con-
sidered good, yet in others a change of 30% may 
be expected. To what extent such quantities guide 
the decision process may be influenced by how 
the single potency assay fits into a wider product 
assessment matrix. Performance and specification 
limits will need to be scientifically justifiable to 
the regulatory authorities. Ease of reproducibility 
and consistency are important concerns, other-
wise the potency assay will be of little value. In 
this regard, in vivo assays are usually less consis-
tent than assays based on primary cells or cell 
lines, which in turn are less reproducible than 
physiochemical measures. Ethical considerations 
raise questions as to whether an animal-based 
assay with highly variable outcomes would be 
justifiable. Since a potency assay may be used 
repeatedly at different stages of ATMP manufac-
ture, a simple pragmatic design is advantageous 
and worth considering at a very early stage of 
development to keep the number of process and 
assay steps to a minimum for cost-effective imple-
mentation. Risk assessment should accompany 
determination of how critical a step is for the 
manufacturing process, those deemed unneces-
sary can be discarded. Since in vivo assays often 
take a long time to perform, requiring animal 
sourcing and acclimatization, they present a high 
risk if the assay is invalidated and needs to be 
repeated. Alternative ex vivo assay platforms are 
available but although these can be sophisticated 
and provide high-content data, unique and expen-
sive equipment may not be widely available and 
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prove problematic for data transferability and 
reproducibility. Beyond cost-effectiveness, pru-
dent regulatory authorities may be reluctant to 
accept data from highly innovative assays that 
have yet to be proven in the field and require fur-
ther corroborative data.

Regulatory authorities appreciate that there 
are a number of challenges for ATMP potency 
assays—cell therapy can have multiple aspects to 
the MoA, the assay may detect a biomarker yet 
lack sensitivity, reference standards may be hard 
to define—it may be difficult to achieve a prompt 
fast cellular assay and cell-based assays typically 
show much higher variability than assays con-
cerning a physiochemical drug. Scientific 
research that is carefully documented will not 
necessarily overcome the various challenges, but 
will be crucial for a constructive dialogue regard-
ing the feasibility of the potency assay and its 
acceptance. Advisable approaches for building 
potency assays include a focus on the science, 
identifying and measuring the critical product 
attributes and their correlations to specific 
potency assays. Early interaction with the regula-
tory authorities is key and improved when infor-
mation has already been gathered regarding 
published guidelines and jurisdiction-specific 
regulations, the latter a particularly nuanced con-
sideration following Brexit [48]. Regulatory 
authorities contribute experience and expertise to 
help develop an acceptable potency assay and 
can provide helpful input regarding necessary 
scientific justifications. Detailed method report-
ing can provide empirical demonstration of due 
diligence that would be important when, for 
example, justifying substitution of more complex 
labour-intensive functional bioassays with sim-
pler yet effective gene-expression surrogate 
assays. There may be more than one potency 
assay required according to the number of steps 
in the product MoA.  A strategic focus on the 
most meaningful and relevant information will be 
needed. Assays will need to be carefully chosen, 
and there may need to be compromise between 
simplicity and true relevance of the information 
obtained, with considerations perhaps not at first 
apparent, such as sensitivity of the assay towards 
product degradation. Practical approaches will be 

needed when compiling what will most probably 
need to be a matrix of experiments, aiming to 
accommodate fast turnaround times when 
possible.

Multiple types of cell-based therapy, with 
functional differences between different MSC 
sources [29, 70], will each bring particular con-
siderations. Autologous cell therapies introduce 
an inherent patient-specific variability that may 
be difficult to control. Hard to define reference 
standards can present a hurdle to allogeneic cell 
therapies. Stem cell therapies can incur chal-
lenges for defining the final cell population or 
measuring the critical biological activity respon-
sible for their clinical effect. A patient cohort 
may behave quite differently and in an unex-
pected way if the assay was first exclusively 
established using healthy donor material. The 
interrelatedness of biological activity constitut-
ing a MoA and the potential involvement of 
numerous cell types can complicate potency 
assay development. If the cell therapy also 
involves a gene therapy component, this will 
need specific assessment, allowing each aspect of 
the MoA to be assessed separately. Inevitably, 
potency assays will require considerable invest-
ment of time and resources, the value of each 
assay needing independent assessment and 
refinement towards final performance and defini-
tion of acceptance criteria; only then will sound 
science be successful in meeting regulatory 
requirements for validation.

11.3  Potency Assays for Acellular 
Products

A more refined understanding of the natural func-
tions of MSC has brought growing consensus 
that their MoA need not be limited to direct 
replenishment of stromal tissue cells. Alternative 
functions include the secretion of soluble media-
tors that can influence endogenous tissue and 
immune cells [5, 122] and does not exclude a role 
for cell death by apoptosis [119]. Since confirma-
tion of their existence in 1967, there has been 
interest in a family of particles released from the 
cell. These have been termed exosomes, 
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microvesicles, microparticles or ectosomes, the 
favoured nomenclature now being extracellular 
vesicles (EV) [9].

Beyond knee cartilage repair [177], MSC- 
secreted extracellular vesicles (EV) may exert a 
therapeutic effect in other contexts, e.g. osteo-
genesis [43], intervertebral disc repair [38], 
chronic kidney disease [19] and neurodegenera-
tive pathologies [7]. Cell-derived-secreted prod-
ucts call for specific MSC-EV harmonization 
criteria, with quantifiable metrics to identify cel-
lular origin and integrity of the vesicles [187]. As 
acknowledged by the ISCT Exosomes Scientific 
Committee, identification of MSC-EV attributes 
for potency assays with establishment of dose 
metrics and derivation of reference standards 
remains a current challenge [47], complemented 
by exploration of the optimal 2D or 3D culture 
environment for generating the desired MSC-EV 
properties [69, 83]. A systematic review of MSC- 
derived EV has highlighted the enormous global 
interest in MSC-EV, since they appear to be ben-
eficial in many settings [149]. However, their pre-
cise mechanism of action remains poorly 
understood and details among scientific studies 
are often incomplete, failing to mention all the 
critical parameters, such as quantification of the 
particles per milligram of protein, per one million 
cells or micrograms of protein per one million 
cells. Such metrics are needed for greater consis-
tency in reporting, that can be helpful for discern-
ing functional differences in immunomodulation 
and regenerative potential among a range of 
secreted products from different stromal cell 
sources [120, 160]. MSC-EV dosage is an elusive 
variable, needing to take into consideration  that 
EV diameters can range from 30 to 200 nm, with 
classification into diverse types reflecting spe-
cific size and origin. Genetic and protein infor-
mation contained within plasma 
membrane-derived vesicles can serve as diagnos-
tic tools for various diseases [4]. In a similar 
manner, careful characterization of other types of 
isolated EV can be helpful for determining criti-
cal quality attributes. Fortunately, the 
International Society for Extracellular Vesicles 
(ISEV) has issued guidelines for minimal infor-
mation for studies of extracellular vesicles 

(MISEV) to consolidate nomenclature and 
improve scientific rigour [168]. These standards 
will be updated [186] to accompany advances in 
our understanding as growing interest in develop-
ing MSC-derived EV therapy evolves [169]. It is 
noteworthy that systematic analysis of miRNA 
profiles and proteomes of EV derived from three 
different human tissue sources, namely, umbili-
cal cord multipotent stromal cells (hUC-MSCs), 
embryonic stem cells (hESCs) and induced plu-
ripotent stem cells (hiPSCs) revealed cell-source 
specific qualities. The EV isolated from hES and 
hiPSC were associated with functional molecules 
regulating development, metabolism and aging, 
whereas the miRNA and proteomic molecular 
profile of hUC-MSC-derived EV suggested that 
they contributed more to immune regulation [13]. 
Potency assays for the effectiveness of EV may 
involve additional cell types, since their mecha-
nism of action may involve modulation of inter- 
cellular communication from other interacting 
cell types such as macrophages [100, 135].

11.4  Cryopreservation 
and Scale-Up: Balancing 
Complexity and Product 
Quality

The advantages and disadvantages of cellular 
ATMP cryopreservation, an induced preservation 
via metabolic stasis, are a highly debated topic 
involving complex cryobiology principles [10]. 
A clear benefit of cryopreserved “off-the-shelf” 
products is that they can overcome need for 
cGMP cell expansion to obtain a clinically effec-
tive cell dose, a problematical time constraint 
when therapeutic situations need very prompt or 
highly synchronized patient application. Before 
considering MSC, there is much already learned 
from myeloablative chemotherapy, when autolo-
gous peripheral blood stem cells obtained by 
apheresis are often cryopreserved before subse-
quent use to reconstitute the bone marrow fol-
lowing chemotherapy. Haematopoietic progenitor 
cell (HPC) transplantation processes monitored 
by regulatory authorities such as the Joint 
Accreditation Committee ISCT – Europe (JACIE) 
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and European Society for Blood and Marrow 
Transplantation (EBMT) require release of cryo-
preserved products for clinical use to be con-
ducted by accredited cell therapy laboratories. 
Post-thaw enumeration of viable CD34+ cells is 
a mandatory standard assay, but criteria for test-
ing functionality, such as colony forming unit 
(CFU) assays, are less uniform among laborato-
ries. The precise freezing protocol can be deter-
ministic, yet a lack of a “gold-standard” freeze 
profile highlights the importance of a critical 
assessment of post-thaw CD34+ cells. Testing 
post-thaw CD34+ cell viability per se was found 
to be an inadequate metric to predict functional 
activity and prompt engraftment in patients [110]. 
Nonetheless, post-thaw viable CD34+ status pre-
dicted haematopoietic engraftment more accu-
rately than pre-freeze determinations or 
pre-freeze viability cell counts [87]. A review of 
research to improve cryopreservation of haema-
topoietic cells, varying cell concentration, freez-
ing rate and storage temperature highlighted that 
at cryoprotectant composition of 2.5% dimethyl 
sulfoxide (DMSO) with trehalose was most suc-
cessful at maintaining differentiation potential 
and cell viability. So particular cryopreservation 
procedures may influence the extent to which 
CD34+ viability may be more closely correlated 
with function [63]. Although DMSO represents a 
very effective cryoprotectant of choice [77], it 
can introduce mild to moderate side effects, thus 
alternative approaches are being devised [74, 
129, 139].

Clinically applicable cryopreservation for 
other non-haematopoietic therapeutic cell types, 
in particular MSC, is not necessarily straightfor-
ward since existing protocols may need modifi-
cation to accommodate specific requirements of 
different cell types [31]. Cryopreservation pro-
cesses need to be xeno-free, nontoxic and immu-
nocompatible, whilst achieving long-term storage 
at low temperatures with subsequent freeze–
thawing phase changes yielding a high cell recov-
ery that ideally conserves the cell functionality of 
the pre-storage state. Research laboratories have 
extensively explored a range of different methods 
[93]. Optimal manufacturing and standardization 
parameters have yet to be widely attained for dif-

ferent tissues, but notably, cryopreserved umbili-
cal cord tissue fragments can be used to derive 
MSC with preserved proliferation rates and 
potency [113]. Furthermore, the rationale for a 
cryopreserved MSC product is supported by pre- 
clinical studies. Differentiation capabilities can 
be retained long-term, even after cryopreserva-
tion for over two decades [150], and MSC can be 
cryopreserved at a high cell density [6]. Although 
freshly thawed cells may be functionally 
impaired, a post-thaw acclimatization period in 
culture can restore functional properties [117, 
130]. A cryopreservation step in the manufactur-
ing process can bring convenience and increased 
consistency to cell-based potency bioassays 
[166]. A review of freshly cultured versus cryo-
preserved MSC in animal models of inflamma-
tion suggested that overall, their outcomes for 
in vivo efficacy and in vitro potency may be near- 
equivalent [35]. Nonetheless, there is a need to 
harmonize practices between different laborato-
ries to improve the long-term stability studies and 
risk analyses for specific ATMP, establishing 
shelf-life and guaranteed efficacy upon infusion 
[20].

The transition from a single batch to mass- 
produced ATMP requires considerable accom-
plishments, especially when implementing 
automated manufacturing systems. Though 
costly to introduce, automated manufacturing 
should become cost-effective when products can 
be processed in parallel, with more consistent 
manufacture of clinical grade ATMP [54]. A 
quality-by-design (QbD) regulatory initiative 
stipulates that quality needs to be built into the 
manufacturing process, promoting the develop-
ment of novel analytical and informatics tools 
that support this objective. Pico-droplet microflu-
idics combined with high resolution plate- 
imaging platforms can greatly improve GMP 
grade bio-manufacture of high-quality single-cell 
progenitor-derived clonal cell lines [133]. 
Automated capillary electrophoresis western 
blots, for example, can promptly monitor specific 
proteins quantitatively [191]. High-throughput 
droplet digital PCR (ddPCR) technology can pro-
vide absolute quantitation of DNA copy number 
[60]. Directly compared to quantitative PCR 
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(qPCR), ddPCR was considered to provide more 
concise, reproducible and statistically significant 
results, and this could prove particularly informa-
tive for low abundant targets with relatively small 
expression differences of only twofold [165]. For 
cellular therapy using autologous genetically 
modified chimeric antigen receptor (CAR) 
T-cells, ddPCR robustly provided accurate quan-
titation of average vector copy number [96] and 
correlated well with flow cytometry-based meth-
ods [24]. Both qPCR and ddPCR of comparable 
precision could complement each other as meth-
ods to monitor the kinetics of CAR T-cells in 
treated patients [146], raising the relevance high- 
throughput technologies for clinically congruent 
potency assays. The innovation leading to greater 
precision of ddPCR is that samples are parti-
tioned into thousands of emulsion-based 
nanolitre- sized droplets, each serving as an indi-
vidual sample chamber for target detection and 
amplification. At the end of the amplification pro-
cess, droplets are counted as positively contain-
ing target sequence or negative. On the basis of 
Poisson distribution, the fraction of positive 
droplets helps determine the absolute concentra-
tion of template in the original sample. Unlike 
real-time qPCR, there is no need to extrapolate 
from a standard curve or rely on a reference. 
Absolute quantification is relatively straightfor-
ward and can overcome changes in amplification 
efficiency to deliver highly accurate results. 
Ultimately, ddPCR presents scalable advantages 
that make it a robust platform for potency assays.

Given that MSC are physiologically mechani-
cally responsive cells, it is to be expected that 
they are very sensitive to changes in their micro-
environment and their cell culture conditions. 
Moreover, MSC are versatile and have been 
grown in a broad range of bioreactor options 
favouring large-scale cell culture and expansion; 
for example, monolayer cultures in multi-layer 
vessels, hollow fibre, stirred tank bioreactors, 
rotating wall vessels or vertical wheel bioreactors 
with microcarriers [138]. Micro-carrier-expanded 
MSC differed from monolayer flask-expanded 
cells, with regard to size, morphology, prolifera-
tion, viability, surface biomarkers, differentiation 
potential and secretome profile, all factors that 

can contribute to potency assay outcomes. Cells 
cultured on microcarriers have a higher contact 
angle and are subject to higher mechanical force 
raising cytoskeletal tension, leading to induction 
of more actin stress fibres. Scientific reports indi-
cate that microcarrier culture in bioreactors pro-
motes MSC differentiation towards an osteogenic 
rather than adipose phenotype. For skeletal cell 
therapy, such phenotypic bias may be advanta-
geous, augmenting cell secretion abilities and 
potency biomarker expression [173]. How cells 
are harvested from microcarriers needs careful 
consideration [92]. The many parameters that 
influence cell yield need to be carefully modu-
lated to optimize the provision of the desired cell 
product, be it the cell itself or factors secreted by 
the cell [152]. Promising ATMP scale-up biopro-
cessing conditions have been demonstrated [25], 
including microfluidic high-throughput on-chip 
assays suitable for scaled-up manufacture [145]. 
It will be increasingly important to further opti-
mize procedures, integrating novel ways to moni-
tor and control key parameters, engineering 
efficient and trusted means of sample collection 
for potency analysis, leading to subsequent pro-
vision of high-quality ATMP.

11.5  Highlighting COGS 
in the Wheel of CAR T-Cell 
Therapy

Recent high-profile cell products, e.g. CAR T-cell 
therapies Yescarta [110] and KYMRIAH®, with 
high impact as accelerated approval ATMP, cost 
less than the world’s most expensive drug to date, 
Haemophilia B-directed gene therapy 
HEMGENIX® (≈€3.5 million dollars per treat-
ment) superseding gene therapy ZOLGENSMA® 
(≈€1.9 million dollars per vial). Yet current sig-
nificant costs of ≈€300,000 (Kymriah) and 
≈€400,000/vial (Yescarta) raise concern for how 
the cell therapy sector evaluates the cost of goods 
sold (COGS) [128] and what future personal 
medicine financing and reimbursement models 
may be reached [79]. The cost of a range of exist-
ing ATMP across nations varies depending on the 
type of treatment needed, with site injections of 
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orthopaedic conditions being significantly 
 different than intravenous CAR T-cell treatments 
(Fig.  11.1). The complex and rapidly evolving 
CAR T-cell therapy sector, beset by challenges 
for widescale deployment (Fig. 11.2), highlights 
the remarkable evolution of cell therapy and need 
for newly tailored potency assays sensitive to 
relatively small changes in one element of manu-
facture that can lead to abrupt changes in the sys-
tem as a whole.

New approaches that lower costs, improve 
manufacturing capacity and expedite provision 
making CAR T-cell therapy more widely avail-
able are being sought [97, 102]. Strategically 
designed CD19 CAR with a fast off-rate CD19 
binding domain can improve T-cell persistence, 
reduce CAR T-cell immune toxicity and improve 
engraftment [137]. The autologous circular 
approach, where the patient’s own cells are engi-
neered, may be logistically cumbersome, but has 
so far been favoured over an allogeneic cell ther-
apy, where cells are extracted from a healthy 
donor, engineered and expanded to treat multiple 
other patients. Allogeneic cells offer exciting 
prospects for centralized manufacture, large- 
scale production, wide availability and improved 
cell fitness for the desirable quality of CAR T-cell 
persistence [94]. However, a significant risk of 
graft-versus-host disease (GvHD) [144] and 
challenge from the host immune system can cur-

tail their effectiveness. The main autologous 
CAR T-cell therapy process steps have been cat-
egorized as (i) provision of starting material, (ii) 
cell selection and activation, (iii) genetic modifi-
cation, (iv) expansion, (v) cryopreservation/for-
mulation and (vi) injection into patient. Best 
avoided are a lack of process understanding, 
impractical manual processes and cumbersome 
logistics. Autologous therapies developed in a 
centralized accredited GMP facility can involve 
transportation of apheresis, vector and CAR 
T-cell products that can subsequently impinge 
upon potency outcomes. Authorized point-of- 
care CAR T-cell production can enhance patient 
access to CAR T-cell products [22, 37], and may 
take advantage of closed semi-automated culture 
systems developed to help minimize cross- 
contamination. However, such devices are not 
necessarily optimal for large-scale strategies and 
are not yet equipped to provide the most insight-
ful process metrics to inform on cell performance 
and potential therapeutic outcome [131]. 
Improved analytical technology will be neces-
sary to provide the data that can overcome a lack 
of process understanding. The co-introduction of 
artificial intelligence (AI) can be particularly 
beneficial to manage the complexity of manufac-
ture and adapt scheduling to integrate the manu-
facturing process and potency assays with overall 
therapeutic requirements [64, 157].

Fig. 11.1 Global pricing for a range of approved cell 
therapy products. The cost range can vary considerably 
according to the complexity of procedures, with attention 

to wound care and cartilage care generally costing less 
than intravenous treatments. Autologous therapies, solid 
bars; allogeneic therapies, hatched bars
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Fig. 11.2 Challenges for wide-scale deployment of autologous CAR T-cell therapy. (Reprinted from Hort et al., 2022 
[64])

Alternative approaches to the costly retroviral 
or lentiviral vector-based products include T-cell 
modification via CRISPR-Cas gene-editing 
methods that can be scaled up with high precision 
[179]. Immuno-evasive strategies, using dedi-
cated engineered scaffolds [72] or alternatively 
sourced CAR T-cells [190], are improving the 
prospects for allogeneic therapy. Phase I clinical 
trials using donor-derived CD7-targeting alloge-
neic CAR T-cells to treat CD7+ haematological 
malignancies have demonstrated encouraging 
safety and efficacy profiles [66]. A significant 
advantage of allogeneic CAR T-cells is that the 
single donor product can be tested simultane-
ously in different patients, a highly informative 
situation for determining the most consistent and 

significant critical quality attributes that need to 
be measured in the potency assay.

There are a number of pre-clinical models and 
tools to assess efficacy of engineered T-cells to 
provide higher predictive value and accelerate the 
selection of lead T-cell products for clinical use. 
Models that explore T-cell exhaustion, target het-
erogeneity, immunosuppressive microenviron-
ments and the impact of lymphodepletion on 
engineered T-cell activity can be analysed by a 
number of analytical methods that each have 
advantages and disadvantages. It is by no means 
straightforward to extend the success of CAR 
T-cell therapy observed in haematological malig-
nancies to solid tumours [52]. Gaps in models 
and tools make it difficult to derive potency tests 
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that fully recapitulate the complex and dynamic 
clinical events modulating solid tumour microen-
vironments and how tumour biology can impact 
the antitumour efficacy of CAR T-cell therapy 
[98]. Nonetheless, extensive progress has been 
made, including examples that extend rodent 
models to more relevant larger mammals whilst 
combining CAR T-cell therapy with ways of 
modulating the tumour physical microenviron-
ment to improve therapeutic effectiveness [194]. 
Both in vitro and in vivo pre-clinical models for 
CAR T-cell research have evolved with the needs 
of CAR T-cell research [151]. High-throughput 
assays provide increasingly sophisticated and 
efficient means of monitoring manufacture and 
clinical progress [112, 131]. Many aspects of 
CAR T-cell therapy remain to be optimized, with 
solid tumours presenting an additional complex-
ity that increases upstream pre-clinical research 
costs. Progress in digitally controlled automated 
processes, coupled with recognition of the impor-
tance of international harmonization of product 
control and documentation, will ultimately 
enhance downstream product manufacturing effi-
ciency. A forthright comprehensive and con-
certed approach to reduce CAR T-cell therapy 
COGS can make novel effective cell therapies 
more broadly available.

11.6  Potency Assays 
for Induced MSC

Applying the MSC acronym in its broadest sense, 
MSC research has grown to encompass a very 
broadly sourced cell type from different tissues 
and donors, subject to many different manufac-
turing processes and characterization methods, 
with numerous proposed functional mechanisms 
of potential therapeutic benefit in a broad range 
of disease contexts. The lack of a fully defined 
phenotype or truly unique specific biomarker that 
can characterize MSC and their recognized sub-
populations with specific properties has been a 
challenging aspect to their use as ATMP, prompt-
ing reappraisal of their definition and reassess-
ment of the approach to clinical investigation 
[75]. The use of highly cited minimal criteria to 

derive an MSC definition has been fundamental 
for steering debate and scientific consideration of 
their properties [39].

In seeking a stringently demonstrable quanti-
tative functional attribute of the ATMP product 
with candidate markers correlated to bioactivity, 
the potency assay has provided motivation for 
excellent research, addressing many issues of 
potential confusion. An FDA survey of proposals 
submitted between 2006 and 2012 noted that less 
than half of the MSC-based product investiga-
tional new drug (IND) applications described 
marker-based bioactivity assays and most that 
did were submitted by commercial sponsors 
using MSC from allogeneic donors [105]. 
Commercial sponsors have an important role in 
driving progress for stringent MSC characteriza-
tion and highly scalable allogeneic cells. Current 
data from over a thousand trials remains incon-
clusive as to whether the particular advantages 
and disadvantages of autologous or allogeneic 
MSC result in one providing better therapeutic 
benefit over the other [90].

Several possible restrictions limit the applica-
bility of MSC, e.g. a relatively low number in 
source tissues, donor and cell source-dependent 
functional heterogeneity and limited prolifera-
tion with early senescence in culture. Donors 
with inherited syndromes such as Fanconi anae-
mia may be treated by haematopoietic stem cell 
transplantations and be asymptomatic yet still 
harbour MSC with defective functionality [55]. 
Such circumstances have prompted investigation 
into new alternative sources and ways of generat-
ing clinical grade MSC [175]. A novel approach 
for obtaining large populations of adult stem cells 
for use in regenerative medicine emerged from 
the discovery that it was possible to generate 
induced pluripotent stem cells (iPSC) from adult 
somatic cells via a reprogramming technique 
forcing expression of four transcription factor 
genes; Oct3/4, Sox2, c-Myc and Klf4 [161]. 
Notable advantages of iPSC are that they can be 
generated from any tissue type and have unlim-
ited proliferation capacity, providing the prospect 
for a sustainable source of stem cells for use in 
the clinic. An inherent drawback of iPSC is that 
their self-renewal and pluripotency qualities may 
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result in instability and tumorigenicity, jeopar-
dizing clinical use. However, outcomes from 
derivation of induced MSC (iMSC) allow opti-
mism. Numerous methods for obtaining iMSC 
from iPSC have been established, often involving 
embryoid body formation as a preliminary step 
[42, 103]. The resulting iMSC cells have a blend 
of attractive traits. In particular, iMSC can be 
generated from readily accessible tissue sources 
and demonstrate greater proliferative capacity 
(>120 population doublings) than traditional 
bone marrow-sourced MSC.  Moreover, iMSC 
have been found to be more genetically stable 
than iPSC, without the same tendency to form 
tumours [197]. Rather the epigenetic and chro-
matin remodelling changes that do occur during 
iMSC generation tend to provide a rejuvenated 
cell phenotype [86]. Thus, iMSC lack many of 
the epigenetic alterations incurred by aging MSC 
over the course of cell division that can promote 
premature replicative senescence and impair their 
functional capability. Significantly, this serves to 
largely circumvent the tissue and age-related het-
erogeneity associated with natively derived MSC 
[188]. Barcoding individual cells within prepara-
tions indicated that in contrast to iPSC or primary 
MSC, expanded cultures of iMSC tended to show 
clonal dominance, with a less pronounced hetero-
geneity in colony formation and in vitro differen-
tiation potential than primary MSC [62]. This 
would be consistent with observations that iPSC 
can exhibit heterogeneity in the levels of telomer-
ase and telomere length, with a strong influence 
of telomere length in iPSC re-programming driv-
ing a selection pressure for survival of cells with 
the longest telomeres [2]. Studies of iMSC from 
Werner Syndrome patient lineages indicated that 
iPSC-derived MSC were just as susceptible to 
telomere attrition and defective synthesis of lag-
ging strand telomeres as primary MSC from the 
patients [26]. So, iMSC are likely to remain sus-
ceptible to a telomere length-based selection 
pressure restricting iMSC heterogeneity. The 
telomere length of iMSC may represent an 
important biomarker for potency assays. 
Telomere length was associated with the cardio-
myocyte differentiation potential of murine iPSC 
[1] and human MSC, with enhanced telomerase 

activity have been shown to resist oxidative 
stress-induced genomic damage [172]. This 
accords with earlier studies demonstrating 
improved functional differentiation of telomer-
ized MSC, with an enhanced ability to differenti-
ate to bone in xenograft models [153]. A 
“rejuvenated” signature may be responsible for 
many of the favourable traits associated with 
iMSC [154]. Deriving the minimal criteria for 
defining iMSC needs to go beyond criteria used 
for MSC and will be critical for clinical applica-
tions [27].

11.7  Enhancing Potency Assays: 
Cell Priming, 
Nanotechnology and 3D 
Culture

High-dose infusion of MSC in clinical trials can 
result in promising outcomes and though it may 
be associated with transient fever, has been gen-
erally considered safe for a variety of clinical 
conditions [85], including acute myocardial 
infarction and ischemic heart failure [84]. 
Nonetheless, it would be desirable to reduce the 
number of required MSC required for effective 
therapy. In this regard, standard expansion proto-
cols and potency assays may reduce risk of clini-
cal failure, but do not necessarily promote the 
most effective clinical outcome. An improved 
fundamental understanding of MSC behaviour 
after infusion has led to the evolution of upstream 
“priming” approaches to boost the innate func-
tions of the MSC for increased alignment with 
the therapeutic objectives [126].

The inaugural culture method for obtaining 
MSC was not without drawbacks, since in vitro 
surface adherent culture methods that isolate 
MSC according to fibroblast colony forming unit 
ability (CFU-F) introduced a phenotypic bias. 
Ultimately, this may hinder isolation and charac-
terization of naïve tissue-resident MSC [118]. In 
particular, in vivo bone marrow analysis showed 
CD271+ MSC occupying hypoxic niches, 
whereas CD146+ MSC resided in a perivascular 
niche [171]. Reduced phenotypic heterogeneity 
with high therapeutic and secretory potency was 
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a feature of CD146+ MSC [15]. Notably, CD271- 
selected MSC were less angiogenic than plastic- 
adherent MSC and better suited to cartilage repair 
[78]. Yet in serum-rich medium, MSC gradually 
lost CD271 expression during in vitro expansion 
[134]. Similarly, gingival MSC showed a 
passage- dependent loss of expression of the 
STRO-1 antigen [136], a reputed marker of 
osteogenic precursors [51]. Such insights have 
led to substantial investigation into many alterna-
tive ways of manufacturing MSC [116] and their 
derived products [198], based on the cell source 
[17, 30, 192], isolation [155, 167], culture micro-
environment [33] and storage methods [113]. 
Extensively exploring how MSC respond to cul-
ture conditions allows better potency assay 
design, integral to rational strategies for priming 
MSC to enhance therapeutic potency [193]. In 
the bone marrow, MSC and haematopoietic cells 
form a unique low oxygen tension niche [104, 
182]. Compatibly, in sites of ischemic injury, 
oxygen tension is also low and in addition, hepa-
tocyte growth factor (HGF) is often activated. 
Given that MSC express the cMet/HGFR recep-
tor and have an ability to migrate towards HGF, 
this is considered a key signal that recruits MSC 
to damaged hypoxic tissue [106]. Notably, MSC 
can secrete HGF among many paracrine factors 
that act on haemopoietic progenitor cells and T 
cells. The immunomodulatory impact of MSC is 
predominantly mediated by their response to 
microenvironmental inflammatory signals, in 
particular priming MSC with inflammatory cyto-
kines interferon gamma (INFγ) and tumour 
necrosis factor alpha (TNFα) increases the 
expression of markers associated with MSC 
immunosuppressive function [73]. Beyond selec-
tion of MSC with favourable surface markers and 
biophysical attributes, strategies to maintain and 
enhance the immunomodulatory potency of MSC 
during ex  vivo expansion include use of media 
formulations including heparin sulphate, a low- 
affinity co-receptor that can enhance chemokine 
activity and chemical or surface-mediate bio-
physical priming of culture MSC, that can have 
diverse immunoregulatory immunomodulatory 
profiles when aggregated [156]. Introducing 
MSC to hypoxic conditions [140] and INFγ [141] 

is consistent with the naïve MSC niche in vivo 
and represent stimuli that enhance the desired 
therapeutic effects of MSC and their extracellular 
vesicle (EV)-secreted products [162, 181]. To 
derive effective potency assays to accompany 
these cellular manufacturing approaches, it will 
be necessary to understand the underlying molec-
ular mechanisms of action. Although micro-RNA 
(miRNA) molecules are often important media-
tors of EV actions, hypoxia and IFNγ priming of 
MSC had little effect on their overall miRNA 
profile [124]. In contrast, proteomic studies com-
paring MSC in normoxic and hypoxic conditions 
revealed numerous proteomic differences associ-
ated with altered glycolytic metabolism. Under 
hypoxic conditions they secreted more EV,  that 
bore proteomic changes in immune system and 
extracellular matrix proteins consistent with sub-
sequently greater anti-inflammatory and pro- 
regenerative effects than EV from normoxic 
conditions [16]. The application of such high- 
throughput “omic” tools are of great benefit for 
defining MoA and the development of potency 
assays [147].

Yet another powerful ally in potency assay 
development is emerging from convergence of 
biotechnology with nanotechnology, the applica-
tion of nano-biomaterials (NBM) will necessarily 
exhort novel strategic scientific risk assessment 
to ensure their long-term safety [28, 49]. Cancer 
research luminaries have long appreciated a dom-
inant influence of the extracellular matrix (ECM) 
microenvironment on the genome and cell fate 
[14, 184] with broad relevance for tissue homeo-
stasis [12]. Nanoparticles can be designed to pre-
cisely target ECM components to influence cell 
behaviour [23] and remodel tumour microenvi-
ronments [163]. Pre-clinical experiments have 
demonstrated how nanomaterial–MSC interac-
tions can activate mechanotransduction signals 
helpful for a number of therapeutic goals, includ-
ing stimulation of osteogenic differentiation, 
enhancement of MSC secretomes and heightened 
immune regulation. Composed largely of organic 
collagen and inorganic nano-hydroxyapatite mol-
ecules, the hierarchical structure of bone has 
macroscale and nanoscale qualities. Indicative of 
the very significant physiological effect of 
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nanoscale events, MSC responded to nanovibra-
tions with osteogenic differentiation involving 
specific bioactive metabolites, with cytoskeletal 
contractility indicative of osteogenic potency 
[61]. Nanoscale engineered calcium phosphate 
materials that duplicate the microstructure of 
human bone can constitute bioscaffolds that sup-
port mimicry of native bone architecture and con-
trol cell fate [91], taking full advantage of 
rationally designed nanotopography to direct 
osteogenic differentiation of MSC [8, 21]. 
Controlled integration of MSC with regenerative 
biomaterials [81, 180] can be made all the more 
feasible with 3D printing technology [199]. For 
such strategies, human iMSC were found to be 
particularly responsive to matrix stiffness [53]. 
Bioengineered hydrogels show promise in vitro 
with regard to MSC encapsulation and direct 
modulation MSC secretions and longevity [115, 
183], and they are being incorporated within clin-
ical trials [108]. Furthermore, strategies such as 
individual cell encapsulation allow intravenous 
administration plus significantly increased MSC 
residence time in  vivo at the therapeutic site 
[125].

Nanomaterials and 3D culture technology 
introduce significant novel aspects to stem cell 
biology and potency assay measurement. For 
example, the allotrope of carbon, graphene intro-
duces new properties amenable to the develop-
ment of biosensors, including Lab-on-PCB 
systems [121], which can combine enhanced cell 
performance and measurement [3]. Both bone 
marrow and adipose tissue-sourced MSC exhib-
ited a graphene-induced osteogenic response, yet 
distinct genetic profiles could be characterized 
[99], consistent with observations that AD-MSC 
osteogenic differentiation in vitro may lag that of 
BM-MSC [114]. Tracking the chronological pro-
cess of differentiation would benefit from non- 
invasive monitoring rather than conventional 
end-point assays that disrupt of the sample. 
Molecular Beacon (MB) nanosensors encapsu-
lated in biodegradable poly(lactic-co-glycolic 
acid) (PLGA) nanoparticles can be internalized 
with release of MB into the cytoplasm that 
hybridize with intracellular mRNA to provide 
semi-quantitative mRNA expression measure-

ment [164]. Beyond  use for measurement, 
precision- engineered nanoparticles can counter-
act inflammation-induced MSC dysfunction by 
capturing Ca2+ ions around mitochondria to dis-
rupt a damaging Ca2+ ion overload, thus acting to 
“nanorepair” the MSC and restore their physio-
logical function [196]. Combining function with 
measurement, multifunctional theranostic 
nanoparticles were loaded as MSC “cargo” com-
posed of photoluminescent quantum dots (QDs) 
and a photosensitizer chlorin e6 (Ce6) that 
together generated reactive oxygen species. 
MSC-mediated migration to tumour microenvi-
ronments could deliver the QD-Ce6 nanoparti-
cles for photodynamic therapy to then locally 
activate the intratumorally accumulated selective 
photosensitizer. The QD element acted as a com-
plexed energy donor and carrier of Ce6 that could 
also serve as a diagnostic tool [34]. Genetically 
engineered MSC are also being investigated as 
armed MSC, amid a growing interest in cell ther-
apy against challenging cancer types [50]. Click 
chemistry has been used to engineer an enhanced 
collagen-binding affinity of MSC-derived EV for 
superior retention and therapeutic efficacy [56]. 
The above examples illustrate the high versatility 
of cell–nanomaterial combinations that will 
require new dedicated potency assays.

In contrast to two-dimensional (2D) mono-
later culture, three-dimensional (3D) spheroid 
cell aggregates better mimic features of the naïve 
MSC niche, introducing distinctive physical and 
biochemical qualities [71] considered beneficial 
for enhanced therapeutic applications [80]. 
Hydrogels and novel biomaterials provide a wide 
range of substrates and cues, presenting extensive 
opportunities to further enhance the in vitro MSC 
microenvironment [41, 65]. 3D culture environ-
ments can evoke stress responses that serve to 
enhance the MSC therapeutic efficacy [40]. 
There are reports of 3D MSC cultures producing 
a higher concentration of EV [69] and generation 
of therapeutically potent 3D MSC-derived EV 
[107]. However, the extent to which specific dif-
ferences between EV derived from 3D versus 2D 
conditions leads to an increased therapeutic 
potential remains to be resolved [83]. 
Bioimpedance platforms can be used for 
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 non- invasive, real-time, spatially sensitive moni-
toring of 3D cultures in hydrogel scaffolds [18]. 
Of note, cells grown as 3D spheroids could reach 
a well-sustained dynamic metabolic equilibrium 
[189]. Cells maintaining a metabolic plateau 
advantageously extend the sampling time during 
which one can obtain more consistent and repro-
ducible potency biomarker measurement, 
improving potency assay reliability.

11.8  Regulations, Guidelines 
and Evolving Institutional 
Roles

The first ATMP cell therapy granted marketing 
authorization throughout Europe in February 
2015, named Holoclar®,  was comprised of 
ex vivo expanded autologous human corneal epi-
thelial cells for treating limbal stem cell defi-
ciency after a chemical eye burn. Its development 
evolved amid a regulatory transition from phar-
maceutical rules originally tailored for control 
and manufacture of chemical molecules to new 
regulations encompassing the alternative per-
spective of living cells. Monitoring the mainte-
nance of the therapeutic effect in the product was 
particularly challenging, yet resolved through 
detailed understanding of the functional signifi-
cance of p63 isoforms and their applicability as a 
quantitative potency biomarker of competent 
limbal stem cells [123]. Careful derivation of 
detailed standard operating procedures permitted 
the biological and clinical work at different sites, 
with maintenance of identity, purity and potency 
guaranteed. Follow-up data, up to 10 years post- 
implantation, allowed a risk–benefit study of 130 
patients, with outcomes indicating 70–80% suc-
cess rates. Future improvement could be antici-
pated from more sophisticated cell culture 
methodologies, gene therapies and improved 
stem cell characterization [142]. The Holoclar® 
precedent has helped focus attention on how it 
might be possible to streamline stem cell research 
guidelines and stringent translational and regula-
tory requirements with greater harmonization at 
both local [57, 176] and international levels [67, 
68, 82, 127, 195]. A recurring theme emphasized 

within the field of human corneal endothelial cell 
therapy is how characterization of the critical 
quality attributes represents a significant chal-
lenge, given hurdles arising from inter-donor 
variation, sample handling, cell isolation tech-
niques, culture medium, risk of karyotypic aber-
ration, tissue contamination, transportation and 
storage. Regulatory frameworks can provide spe-
cific guidance for “Good Practice” applicable 
throughout ATMP development (Fig.  11.3) to 
address these challenges, thus early engagement 
with the local or regional authority is recom-
mended as soon as reliable pre-clinical outcomes 
are obtained [170]. ATMP involving autologous 
chondrocytes, researched globally over the past 
two decades in response to a growing number of 
joint cartilage morbidities, provide an excellent 
example to compare how authorization review 
processes in the European Union, the United 
States, Japan, Australia and Korea have each 
classified and defined the eight approved prod-
ucts, with continuously evolving oversight on 
current clinical trials [76].

It may be difficult to fully define a potency 
assay at early stages, because the characterization 
is likely to be influenced by manufacturing pro-
cedures that may well change during product 
development. It would be prudent to identify a 
number of biological activities and phenotypic 
properties critical for clinical benefit, so that 
choices may ultimately align with how the pro-
cess may contribute to potency assay selection. 
All specifications will need to be based on data 
obtained from manufactured batches, so compre-
hensive characterization early in development 
will help ensure sufficient data is available for 
informed decisions concerning suitably qualified 
assays that generate reliable data. To help accom-
modate changes in manufacturing process, com-
parability studies may be performed to ensure 
that the product is not harmed by the novel pro-
cess. Comparability studies include molecular 
characterization with assessment of purity, 
potency and stability. A successful comparability 
study need not necessarily establish identical 
quality attributes, rather confirm that the product 
remains highly similar without any functionally 
deleterious differences. In-process quality 
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Fig. 11.3 Roadmap for compliance with pharmaceutical 
quality management standards in the development of 
cell-, gene- and tissue-based medicines in Europe. Cell-, 
gene- and tissue-based medicines (excluding vaccines) in 
Europe are regulated as advanced therapy medicinal prod-
ucts (ATMP) and their regulatory development has simi-
larities to small-molecule drugs and biologicals, with the 
particularity of centralized authorization by the European 

Medicines Agency (EMA) and some considerations 
regarding the living nature of the drug substance (i.e. con-
ditional batch release) or non-industrial manufacture (i.e. 
hospital exemption). Research stages are shaded in green. 
Abbreviations: GCP good clinical practice, GDP good 
distribution practice, GLP good laboratory practice, GMP 
good manufacturing practice, PoC proof of concept. 
(Reprinted from Lopez-Navas et al., 2022 [95])

 controls are paramount to ensure cell efficiency 
and safety during all stages of the manufacturing 
process, with all aspects including cryopreserva-
tion, handling, transport and administration in 
accordance with regulatory authority guidelines 
and legislation [45]. Quality compliance even in 
pre- clinical stages of more basic research would 
be very beneficial for ATMP development, facili-
tating efficient clinical translation, but there are 
few regulatory pressures to uphold quality man-
agement in the non-clinical setting [95], fortu-
nately, as indicated below, several initiatives are 
underway to improve circumstances.

Regulation (EC) No. 1394/2007, applied by 
the European Medical Agency (EMA) from 30 
December 2008, was the first to specifically 
address cell, gene and tissue engineering thera-
pies. It legislated an independent review of ATMP 
to guarantee high standards of quality, efficacy 
and safety equivalent to those of other pharma-
ceuticals before a product is distributed to 
patients. Directive 2001/83/EC defined (i) gene 
therapy medicinal products (GTMP) and (ii) 
somatic cell therapy medicinal products 
(sCTMP), with subsequent addition of (iii) 
tissue- engineered products (TEP) and (iv) com-
bined ATMP in Regulation (EC) No. 1394/2007. 

Notably, classification in the United States by the 
Federal Drug Administration (FDA) differed 
since it highlighted only two product types, gene 
therapy and cellular therapy. Nonetheless, overall 
approval procedures for ATMP in both regions 
have strong similarities with expectation that 
greater regulatory convergence will help ATMP 
development globally [68]. Providing a central 
route for EU authorization of ATMP, the expert 
Committee for Advanced Therapies (CAT) inau-
gurated in January 2009, helped establish classi-
fications and certification procedures to support 
small and medium enterprises (SME) and com-
panies in early phases of ATMP development, 
clarifying whether a product falls within the defi-
nition of an ATMP in the EU. From the very large 
number of applications for authorization, dispro-
portionately few have been approved. This has 
not only reflected the acknowledged deep intri-
cacy of the therapeutic goals, but called into 
question whether the length and complexity of 
the regulatory procedures were themselves hav-
ing detrimental consequences [57]. An unfortu-
nate misguided impression would be that the 
regulatory framework is principally a significant 
obstacle that needs to be overcome before wide- 
scale deployment of a new cell therapy. Likewise, 
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the need to provide a well-validated in  vitro 
potency assay constitutes much more than just an 
approvability issue in a license application [101]. 
Significant accomplishments of the potency 
assay are proper activity of the product, help with 
dose selection and a means of demonstrating 
comparability when non-clinical/clinical batch 
production is extended to a commercial scale.

Three regulatory initiatives, namely, orphan 
drug (OD) designation, the hospital exemption 
(HE) clause and compassionate use (CU), have 
sought to mitigate hurdles, incentivize ATMP 
development and enable early patient accessibil-
ity. The EMA’s Committee for Orphan Medicinal 
Products (COMP) is responsible for recommend-
ing whether ATMPs apt for providing new medi-
cines for rare untreatable diseases qualify for OD 
designation according to Orphan Medicines 
Regulation (EC) No. 141/2000. OD designation 
introduces incentives that compensate for small 
patient populations offering limited return on 
investment. This includes protocol assistance, 
reduced procedural fees and product market 
exclusivity for 10 years after marketing authori-
zation [44]. Most of the currently approved 
ATMP target orphan diseases. The HE clause, 
within regulation (EC) No. 1394/2007, allows 
ATMP manufacture to be authorized by a national 
competent authority (NCA) of the Member State 
rather than otherwise mandatory centralized mar-
keting authorization procedures. Thereby, 
patients may benefit from specific ATMP treat-
ments when no other authorized solutions remain 
available [36]. Valuable clinical experience can 
be gained, but the type of clinical data generated 
under the HE scheme fails to match clinical trial 
data and is not appropriate for supporting future 
marketing authorization applications (MAA). 
Despite broad ethical risk–benefit assessment 
and informed consent from the patient before 
treatment [32, 159], an analysis of HE implemen-
tation across seven countries revealed differences 
in HE interpretation and implementation. 
Although some countries required full compli-
ance with good manufacturing practice, as well 
as non-clinical and clinical evidence, others did 
not [59]. Restricted scale HE treatment may 
apparently introduce parallel ATMP systems, dif-

ficult to harmonize and merge without full regu-
latory overlap [132]. However, although the 
quality of an ATMP under the HE scheme should 
be in line with regulations designed for commer-
cialization, it is not intended for commercial 
development. Authorized by the NCA, under the 
exclusive responsibility of a medical practitioner, 
HE ATMP comply with a non-routine individual 
medicine prescription for a custom-made product 
for a named patient. Alternatively, in some situa-
tions, patients with a life-threatening or seriously 
debilitating disease have no effective authorized 
therapies and may not be able to participate in 
clinical trials. Nonetheless, article 28 of the 
ATMP regulation grants such patients access to 
an unregistered product as part of a compassion-
ate use or extended access programme. CU 
ATMP are coordinated and implemented by NCA 
that may consult with EMA for opinion on how 
to administer, distribute and use such medicines. 
In general, CU ATMP must be undergoing clini-
cal trials or have entered the MAA process. HE 
and CU ATMP ethically reconcile a patient’s 
need for access to novel ATMP, yet risk abuse of 
the regulations. Countering unethical unproven 
ATMP-based interventions, there are calls for a 
Europe-wide registry [32] and adoption of MSC 
minimal criteria extended to include haemato-
compatibility assessment [109] to improve trans-
parency, reduce patient risk and increase efficacy, 
whilst at the same time facilitating company 
awareness of opportunities, thereby encouraging 
entry of such ATMP into the mainstream system.

The hospital exemption scheme has usefully 
highlighted the many limitations encountered by 
academic and hospital institutions. Although their 
research may lead ATMP discovery, the full indus-
trial capacity to fulfil the developmental path to 
marketing authorization is often lacking. 
Consequently, the role of hospitals for ATMP devel-
opment has evolved to a focus on procurement of 
starting material, selected manufacturing steps, 
investigation to support the potency assay, clinical 
application and participation in clinical trials. 
Successful collaboration between academia and 
industry will be needed to integrate sector strengths 
for streamlined ATMP development. A number of 
contract research  organizations (CRO) are progres-
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Table 11.1 Examples of contract research organizations (CRO) providing potency assay information and support

Absorption Systems (a Pharmaron company) https://www.absorption.com
AliraHealth https://alirahealth.com/
Applied StemCell https://www.appliedstemcell.com/
BioAgilytix https://www.bioagilytix.com/
Bioassay Sciences https://bioassaysciences.com/
Bioprocess Online https://www.bioprocessonline.com/
Cell & Gene https://www.cellandgene.com/
Charles River Laboratories https://www.criver.com/
Cytiva https://www.cytivalifesciences.com/en/us
Eurofins https://www.eurofins.com/
HemoGenix, Inc. https://www.hemogenix.com
IBR Inc. Institute for Biopharmaceutical Research https://www.ibr- inc.com/
Innovacell https://innovacell.com/en/
KYMOS Group https://kymos.com/
Labcorp Drug Development https://drugdevelopment.labcorp.com/
Marin Biologic Laboratories https://www.marinbio.com/
North East Biolab https://www.nebiolab.com/
Pacific Biolabs https://pacificbiolabs.com/
PharmaLex https://www.pharmalex.com
Pharmaron https://www.pharmaron.com/
Promega https://ita.promega.com/
Quality Assistance S.A. https://www.quality- assistance.com
Reaction Biology https://www.reactionbiology.com/
Sartorius https://www.sartorius.com/en
Somru Bioscience https://somru.ca/
Stemcell https://www.stemcell.com/

sively placing focus on potency assay development 
(Table  11.1) and will likely play an increasingly 
important supportive role in ATMP development.

EMA and other principal regulatory authori-
ties established for the governance of ATMP are 
continuously monitoring and appraising prog-
ress, responding to challenges when scientific 
discoveries outpace regulatory control [148]. In 
2016, EMA launched a PRIority MEdicines 
(PRIME) scheme for fast-track development of 
medicines targeting unmet medical need [178], 
accelerating patient access with provision of 
active support without need for large data sets 
and accelerated assessment procedures when 
the Committee for Medicinal Products for 
Human Use (CHMP) deem a product of major 
interest for public health and therapeutic inno-
vation. A series of initiatives have been intro-
duced worldwide to expedite the translation of 
scientific invention into a health benefit product. 
Among the latest, a Strengthening Training of 
Academia in Regulatory Science (STARS) con-

sortium of 18 European regulatory agencies 
including EMA has been established to reach 
out to innovative research scientists and bridge 
the regulatory knowledge gap. Bidirectional 
information exchange will stimulate the modifi-
cation of regulatory requirements to help ensure 
a high-quality clinical development dossier can 
improve the likelihood of success when stake-
holders apply for marketing authorization [127, 
158]. Revolutionizing progress, technological 
advances are synergizing with clinical knowl-
edge to foster rational strategies for designing 
ATMP with more clearly defined targets, ideally 
placing emphasis on the MoA and suitable 
potency assays for product verification from the 
beginning of a project [89]. Engineering strate-
gies can be tailored accordingly to modulate and 
control cell performance, with a remarkable 
array of bioengineering tools capable of extend-
ing the capability of potency assays to attain 
ATMP of new levels of therapeutic 
achievement.
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Glossary of Abbreviations

1002F dry photoresist 1002F resin (EPON™) 
combined with triarylsulfonium hexafluro-
antimonate salts. Relative to the photoresist 
SU-8, 1002F offers advantages for use as a 
substrate to microstructures and bioanalytical 
devices, such as improved cell attachment and 
lower autofluorescence.

2D Two dimensional. In the case of cell culture, 
2D refers to cells grown on a monolayer cul-
ture flask or flat dishes. Despite limitations, 
2D culture methodology is still used because 
it allows comparison to previous studies 
and serves as a convenient platform for cell 
analysis.

3D Three dimensional. For cell culture, 3D 
models serve to better imitate parental tissue 
architecture promoting proper interactions 
within the cell–cell and cell–extracellular 
microenvironments.

ABCB5 ATP-binding cassette subfamily B 
member 5, also known as P-glycoprotein. A 
plasma membrane-spanning protein encoded 
in humans band by the ABCB5 gene on chro-
mosome band 7p21.1. A limbal stem cell gene 
required for corneal development and repair.

AChE Acetylcholinesterase. An enzyme that 
catalyzes the hydrolysis of the neurotransmit-
ter acetylcholine into choline and acetic acid. 
Found at cholinergic synapses, its actions on 
acetylcholine result in termination of synaptic 
transmission.

ACI Autologous Chondrocyte Implantation. A 
type of surgery used to treat damaged areas 
of cartilage in the knee joint. It involves har-
vesting healthy cartilage cells (chondrocytes) 
from a donor’s own body, growing them in a 
laboratory, before then injecting them into the 

damaged area. ACI is a minimally invasive 
procedure that can repair injuries that have not 
responded to other treatments.

AD-MSC Adipose-derived mesenchymal stem 
cells. Stem cells that are obtained from the 
adipose (fat) tissue of an individual considered 
applicable to a variety of medical treatments; 
approved in Japan as a therapy to enhance the 
wound healing and closure of chronic fistulas.

ADAMTS4 A disintegrin and metallopro-
teinase with thrombospondin motifs 4. An 
enzyme that in humans is encoded by the 
ADAMTS4 gene on chromosome band 1q23.3 
and member of a the large ADAMTS family 
of zinc-dependent proteases.

ADAMTS5 A disintegrin and metalloprotein-
ase with thrombospondin motifs 5. An enzyme 
that in humans is encoded by the ADAMTS5 
gene on chromosome band 21q21.3 with 
the preprotein proteolytically processed to 
generate a mature enzyme containing two 
C-terminal TS motifs functioning as an aggre-
canase that cleaves aggrecan, a major proteo-
glycan of cartilage.

ADSC Adipose Derived Stem Cell, also known 
as, Adipose Stem Cells and AD-MSC.

ALDH Aldehyde dehydrogenase. A family of 
enzymes involved in metabolizing acetalde-
hyde to acetic acid for which there is a gene 
superfamily of 19 known genes and many 
pseudogenes in the human genome, reflecting 
a vital role through evolutionary history.

ALP Alkaline Phosphatase. An enzyme found 
throughout the body, yet predominantly in the 
liver, bile ducts, spleen, heart, brain, and bone. 
Its physiological role is the dephosphorylation 
of compounds. Four genes encode four iso-
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zymes, the gene for tissue nonspecific alkaline 
phosphatase is located on chromosome 1, the 
genes for the other three isoforms are located 
on chromosome 2.

ALPL Alkaline Phosphatase, liver/bone/kidney 
(tissue nonspecific), the latter encoded by the 
ALPL/TNSALP gene on chromosome band 
1p36.12, a membrane bound glycosylated 
enzyme associated with biomineralization.

APC Antigen Presenting Cell. Typically, den-
dritic cells, macrophages, Langerhans cells, 
and B cells, a heterogeneous group of immune 
cells that mediate the cellular immune response 
by processing and presenting antigens for rec-
ognition by certain lymphocytes such as T cells.

API Active Pharmaceutical Ingredients. The 
biologically active component of a drug that is 
responsible for its intended therapeutic effect.

ASSURED Affordable, Sensitive, Specific, 
User-friendly, Rapid and robust, Equipment 
free, and Deliverable to end-users. A principle 
for designing diagnostic tests that are econom-
ical, precise, user-friendly, and can be made 
available to the end user without any special-
ized equipment.

ATMP Advanced Therapy Medicinal Products. 
A term used to refer to a broad range of inno-
vative therapeutics, including gene therapy, 
cell therapy, and tissue engineering products.

ATP Adenosine triphosphate. A molecule car-
rying energy for all cellular activities. Usually, 
the outer phosphate of ATP is hydrolyzed to 
yield adenosine diphosphate releasing 30.6 
kilojoules per mole under standard conditions. 
Released phosphate group transfer to another 
molecule (phosphorylation), catalyzed by 
specific enzymes, helps couple the release of 
energy from ATP to specific cellular activities.

B cell A type of white blood cell that makes anti-
bodies. B cell maturation was first elucidated 
in the Bursa of Fabricius (a gastrointestinal 
tract organ in birds). In humans, B lympho-
cytes differentiate prenatally in the liver and 
subsequently in the bone marrow. B cells are 
primarily involved in the humoral immunity 
component of the adaptive immune system.

BCMA B-cell maturation antigen. A protein 
found on the surface of certain cells, includ-
ing cancerous B cells, that can be targeted by 
certain types of immunotherapies.

BK Virus The BK virus was first isolated in 
1971 from the urine of a renal transplant 
patient, initials B.K. Member of the polyoma-
virus family, most infections are asymptom-
atic, but in immunocompromised individuals 
may cause renal dysfunction.

BLA Biological Licence Application. Submitted 
by any legal person or entity who is engaged 
in manufacture or an applicant for a license 
who bears responsibility for compliance with 
product and establishment standards.

BMP-6 Bone Morphogenic Protein 6 plays a 
critical role in bone formation and remodel-
ing. Member of a large family of multifunc-
tional growth factors belonging to the TGF-β 
superfamily, BMP proteins are encoded by 
18 genes in humans. BMP-6 regulates osteo-
blasts by interacting with several molecules to 
mediate its functions, e.g., binding cell sur-
face type I and type II serine/threonine kinase 
receptors can initiate osteoblast proliferation 
and differentiation, while interaction with 
members of the SMAD protein family (named 
after Drosophila protein “Mothers Against 
Decapentaplegic”) can modulate downstream 
signaling events.

BMSSC Bone Marrow Stromal Stem Cells. A 
type of multipotent adult stem cell found in the 
bone marrow that can differentiate into a wide 
range of cell types, such as bone, cartilage, fat. 
Believed to play a critical role in tissue repair, 
regeneration, and immunomodulation.

BREYANZI The brand name for Lisocabtagene 
maraleucel, a cell-based gene therapy used to 
treat large B-cell lymphoma.

c-Myc The human cellular homologue of the 
Avian virus Myelocytomatosis (v-Myc) 
oncogene, a nuclear phosphoprotein encoded 
by the MYC gene on human chromosome 
band 8q24.21. The Myc family of transcrip-
tion factors activate expression of many pro- 
proliferative genes through binding enhancer 
box sequences and recruiting histone acetyl-
transferase. Myc controls the balance between 
self-renewal and differentiation and c-Myc 
was one of the original factors discovered to 
encourage generation of induced pluripotent 
stem cells (iPSCs). Nonetheless, it has since 
been demonstrated that it is possible to gener-
ate iPSCs without c-Myc.
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C57BL6 “C57 black 6,” “C57,” or “black 
6” represent an inbred strain of laboratory 
mouse, with inherited uniformity minimiz-
ing the impact of genetic differences on 
results. Named by the founder of The Jackson 
Laboratory working at the Bussey Institute, 
using mice received from Miss Abby Lathrop; 
a female mouse (coded 57) was crossed with 
a brother (coded 52) and inbred, resulting in 
a dark brown, nearly black fur mouse desig-
nated C57BL, the capital C likely indicated 
the normal full color rather than the albino 
(c) allele. The number “6” strain survived 
inbreeding pressures to become the most 
widely used, first genome-sequenced labora-
tory mouse strain. Numerous sublines, e.g., 
C57BL/6J and C57BL/6N have been derived.

CAD Computer Assisted Design. A time- 
saving approach that decreases errors, design 
effort and improves accuracy, but CAD often 
requires extensive training and can add to new 
system production costs.

CAR Chimeric Antigen Receptor. A type of 
engineered receptor designed to recognize 
specific antigens on the surface of cells. 
Composed of an extracellular domain that rec-
ognizes and binds the specific antigen and an 
intracellular domain for cell activation.

CAR T-cells Chimeric Antigen Receptor T- 
cells. A type of cell-based gene therapy where 
T-cells are genetically modified to recognize 
and proliferate in response to tumor antigens. 
Also found abbreviated in the literature as 
CAR-T.

Cas9 CRISPR associated protein 9. An RNA- 
guided DNA-editing enzyme used to modify 
the genetic material that functions by binding 
to a target DNA sequence, cutting the DNA, 
and inducing a DNA repair process that results 
in a desired mutation. Applicable for a vari-
ety of research and therapeutic applications, 
including gene editing, gene regulation, and 
gene expression.

CAT Committee for Advanced Therapies. 
A specialized advisory body to EMA with 
expertise in the evaluation of innovative thera-
pies, such as gene and cell therapies, to assess 
safety, efficacy, and quality standards before 
they are marketed in the European Union.

CD105 Cluster of Differentiation 105, also 
known as Endoglin, a type I membrane gly-

coprotein on the cell surface, part of the TGF- 
beta receptor complex. CD antigens were 
originally identified by an ability to bind dif-
ferent monoclonal antibodies, and are used to 
distinguish cell types, including stem cells, T 
cells, B cells, macrophages, and help classify 
cancer cells.

CD107a Cluster of Differentiation 107a, also 
known as lysosomal-associated membrane 
protein 1 encoded by the LAMP1 gene on 
chromosome band 13q34. A type I transmem-
brane glycoprotein found primarily spanning 
lysosomal membranes, functioning to provide 
selectins and carbohydrate ligands.

CD11b Cluster of Differentiation 11b, also 
known as Integrin subunit alpha M encoded 
by the ITGAM gene on chromosome band 
16p11.2 encoding a protein subunit of the 
 heterodimeric integrin alpha-M beta-2 mol-
ecule, known as macrophage-1 antigen or 
 complement receptor 3 expressed on the 
 surface of many leukocytes, It is involved  
in the innate immune system that mediates 
inflammation and cell migration, as well 
as cellular activation, phagocytosis, and 
chemotaxis.

CD137 Cluster of Differentiation 137 is a mem-
ber of the tumor necrosis factor receptor fam-
ily. Also known as induced by lymphoma 
activation (ILA) and tumor necrosis factor 
receptor superfamily member 9, encoded by 
the TNFRSF9 gene on chromosome band 
1p36.23. It functions as a co-stimulatory 
immune checkpoint molecule with co-stimu-
latory activity for activated T cells, enhancing 
T cell proliferation.

CD14 Cluster of Differentiation 14. A human 
protein encoded by the CD14 gene on chro-
mosome band 5q31.3, made mostly by mac-
rophages existing as two forms, anchored to 
the membrane by a glycophosphatidylinositol 
tail, or as a soluble form directly secreted from 
intracellular vesicles. Functions to help recog-
nize pathogen-associated molecules, e.g., bac-
terial lipopolysaccharide as part of the innate 
immune system.

CD146/MCAM Cluster of Differentiation 146, 
also known as melanoma cell adhesion mol-
ecule or cell surface glycoprotein 18 encoded 
by the MCAM/MUC18 gene on chromosome 
band 11q23.3. A receptor for human laminin 
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alpha 4 and Galectin-1 among other miscel-
laneous ligands involved in cell–cell and 
cell–matrix interactions. Expressed in cells 
comprising the vascular wall, including vas-
cular endothelial cells, smooth muscle cells, 
and pericytes. Actively involved in numerous 
physiological and pathological processes of 
cells, it can regulate angiogenesis and tissue 
organization and is believed to also influence 
immune system responses and inflammation.

CD19 Cluster of Differentiation 19, encoded by 
the CD19 gene located on human chromosome 
band 16p11.2, also known as B-Lymphocyte 
Surface Antigen B4, T-Cell Surface Antigen 
Leu-12. A transmembrane protein expressed 
in all B lineage cells, acting as an adaptor 
protein recruiting signaling molecules to the 
membrane and a component of the CD19/
CD21 complex that decreases the threshold 
for B cell receptor signaling pathways.

CD20 Cluster of Differentiation 20 is encoded 
by the MS4A1 geneon human chromosome 
band 11q12.2, a member of the membrane- 
spanning 4A gene family. Expressed on the 
surface of B-cells, it plays a role in the devel-
opment and differentiation of B-cells into 
plasma cells.

CD206 Cluster of Differentiation 206, also 
known as mannose receptor C type 1, encoded 
by the MRC1 gene on chromosome band 
10p12.33, is a pattern recognition receptor pri-
marily found on the surface of macrophages 
that can recognize microbial carbohydrates 
and mediate phagocytosis.

CD22 Cluster of Differentiation 22 is a sugar- 
binding transmembrane receptor, encoded by 
the CD22 gene on human chromosome band 
19q13.12, that binds to glycoprotein ligands 
present on B cells. Involved in B-cell adhesion 
and migration, it is considered important for 
maintaining B-cell tolerance and preventing 
autoimmunity.

CD271 Cluster of Differentiation 271, also 
known as Nerve Growth Factor Receptor or 
the p75 neurotrophin receptor encoded by 
the NGFR/p75NTR gene on human chromo-
some band 17q21.33. A transmembrane gly-
cosylated receptor with an array of biological 
functions through interactions with cognate 
ligands and co-receptors. It can mediate cell 

death, survival, and regulate the actin cyto-
skeleton to influence cell migration.

CD28 Cluster of Differentiation 28, a protein 
expressed on T-cells encoded by the CD28 
gene on human chromosome band 2q33.2. It 
binds to the B7 family of molecules on anti-
gen-presenting cells, providing co-stimulatory 
signals for T-cell activation, proliferation, 
cytokine production, and survival.

CD3 Cluster of Differentiation 3, a protein com-
plex comprised of CD3-delta, -epsilon, -gamma 
and -zeta polypeptides, encoded by distinct 
genes CD3D, CD3E, CD3G on human chro-
mosome band 11q23.3 and CD247 on human 
chromosome band 1q24.2. This T-cell co-
receptor forms the T-cell receptor-CD3 com-
plex activating both CD8+ naïve cytotoxic T 
cells and CD4+ naïve helper T cells.

CD30 Cluster of Differentiation 30, also known 
as TNF receptor superfamily member 8, 
encoded by the TNFRSF8 geneon human 
chromosome band 1p36.22, is expressed in 
activated but not resting T and B cells. An acti-
vator of NF-κB signaling and positive regula-
tor apoptosis, CD30 can limit the proliferation 
of autoreactive CD8 effector T cells and pro-
tect against autoimmunity.

CD34 Cluster of Differentiation 34, encoded by 
the CD34 gene on chromosome band 1q32.2. 
A single-pass transmembrane cell surface 
phosphoglycoprotein that functions as a cell–
cell adhesion factor.

CD4 Cluster of Differentiation 4, encoded by 
the CD4 gene on human chromosome band 
12p13.31. A glycoprotein serving as a co-
receptor to the T-cell receptor found on the 
surface of T helper cells, monocytes, macro-
phages, and dendritic cells.

CD40 Cluster of Differentiation 40, encoded by 
the CD40 gene on human chromosome band 
20q13.12. A type I transmembrane protein 
found on antigen- presenting cells required for 
their activation.

CD45 Cluster of Differentiation 45 antigen, 
originally called leukocyte common anti-
gen (LCA), also known as protein tyrosine 
phosphatase, receptor type C encoded by the 
PTPRC gene located on human chromosome 
band 1q31.3-q32.1. It is involved in regulating 
T- and B-cell antigen receptor signaling.
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CD45RA Cluster of Differentiation 45 isoform 
that includes only the protein Region A, typi-
cally found on naïve T lymphocytes.

CD62L Cluster of Differentiation 62L, also 
known as L-selectin, encoded by the SELL 
gene on human chromosome band 1q24.2. 
A cell adhesion molecule found on the cell 
surface of leukocytes that acts as a “homing” 
receptor for lymphocyte migration to lym-
phoid tissues. High expression of CD62L on 
human bone marrow progenitor cells indicates 
commitment to lymphoid differentiation.

CD73 Cluster of Differentiation 73, also known 
as 5′-nucleotidase. An enzyme encoded by the 
NT5E gene on chromosome band 6q14.3 that 
converts AMP to adenosine.

CD79a Cluster of Differentiation 79A, encoded 
by the CD79A gene on chromosome band 
19q13.2, is also known as B-cell antigen 
receptor complex-associated protein alpha 
chain or MB-1 membrane glycoprotein. 
Together with the related 79b protein, it forms 
a dimer associated with the membrane-bound 
immunoglobulin in B-cells to form the B-cell 
antigen receptor.

CD8 Cluster of Differentiation 8. A transmem-
brane glycoprotein serving as co-receptor for 
the T-cell receptor. The co-receptor functions 
as either a homodimer composed of two alpha 
chains or as a heterodimer composed of one 
alpha and one beta chain, encoded by the 
CD8A or CD8B genes respectively, both on 
chromosome band 2p11.2. The cell surface 
CD8 antigen assists with cytotoxic T cell–
antigen interactions.

CD86 Cluster of Differentiation 86, also known 
as B7-2. A protein constitutively expressed 
on dendritic cells, Langerhans cells, macro-
phages, B-cells (including memory B-cells), 
and on other antigen-presenting cells, 
endoded by the CD86 gene on chromosome 
band 3q13.33.

CD90 Cluster of Differentiation 90, also 
known as Thy-1, a heavily glycosylated 
glycophosphatidylinositol- anchored con-
served cell surface protein, encoded by the 
THY1 gene on chromosome band 11q23.3. 
It is primarily involved in cell–cell and cell–
matrix interactions.

CDR Circular diaphragm resonator. An acous-
tic device used to generate a resonating sound 
from a vibrating diaphragm.

Ce6 Chlorin e6. A photosensitizer that can 
absorb light to generate singlet oxygen that 
can be used to treat cancer or other diseases.

CEA Carcinoembryonic antigen. A founding 
member of a highly-related family of cell 
surface cell adhesion glycoproteins, encoded 
by the CEACAM5 gene on chromosome band 
19q13.2, found in various tissues of the body. 
Immunologically characterised as members of 
the CD66 cluster of differentiation, the pro-
teins can serve as tumour biomarkers to detect 
and monitor certain types of cancer, primarily 
in the gastrointestinal tract.

CFR Code of Federal Regulation. A compi-
lation of the rules and regulations issued by 
federal agencies in the United States, in par-
ticular, procedures governing the administra-
tion of living cells or cell-derived products to 
repair or replace damage or diseased tissue.

CFSE Carboxyfluorescein succinimidyl ester. 
A cell permeable fluorescent dye that cova-
lently couples, via its succinimidyl group, to 
intracellular molecules. Due to stable linkage, 
stained cells do not transfer the dye to adja-
cent cells.

CFSE-diminished Carboxyfluorescein succin-
imidyl ester fluorescent dye can trace multiple 
generations of proliferating labeled cells that 
present diminished staining, with measure-
ment of dye dilution by flow cytometry.

CFU Colony-Forming Unit. Applying termi-
nology used in microbiology to mammalian 
cells, this refers to cultured cells attached 
to a monolayer surface that produce a vis-
ible colony under controlled conditions. The 
visual appearance of a colony in a cell culture 
requires significant growth.

CFU-F Colony-Forming Unit-Fibroblasts. 
Used as a unit of stem cell dose for bone 
marrow cell cultures, whereby adherent cells 
form a visible colony. Harvesting methods 
that yield higher CFU-F are likely to result 
in improved patient outcomes. The quantita-
tive measure is more applicable to compara-
tive studies within a single laboratory, rather 
than comparison across independent studies, 
because of numerous variables related to sam-
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ple preparation that can influence the absolute 
values obtained.

aCGH Array Comparative Genomic 
Hybridization. A method for analyzing 
genomic DNA for unbalanced genetic altera-
tions. Genomic DNA from the test sample 
is labeled and mixed with reference control 
DNA given an alternative color label. The 
hybridized mixture reveals mixture of imbal-
ance (increased or decreased copy number). 
Conventional CGH analyzes metaphase chro-
mosomes, whereas array CGH uses cloned 
chromosomal DNA fragments about 200 kb in 
size, offering greater sensitivity and resolution 
in detecting copy number changes.

cGMP current Good Manufacturing Practice. 
Regulations promulgated and enforced by 
authorities such as the FDA and EMA to 
ensure medical products are safe and effective 
for consumers and patients; “current” reminds 
manufacturers to comply with up-to-date 
technologies and systems.

CGT Cellular and Gene Therapy. Cell therapy 
comprises an approach that uses a biological 
product derived from living cells with thera-
peutic effect, whereas gene therapy uses genes 
to treat or prevent disease, although the newest 
approaches forego gene delivery and instead 
aim to precisely repair the gene within the 
cell. Both technologies are evolving rapidly, 
requiring reappraisal of definitions. Boosting 
immune cell function via viral vector gene 
delivery constituted a powerful strategy for 
chimeric antigen receptor T-cell therapies to 
target certain types of lymphoma, leukemia, 
and multiple myeloma.

ChIP-Seq Chromatin Immunoprecipitation 
Sequencing. A technique to study chromatins 
associated with binding proteins to explore 
gene silencing and DNA binding sites. Protein 
associated with the chromatins is precipitated 
and identified by using antigen–antibody 
interactions. The precipitated protein DNA 
complex is also studied by real-time PCR or 
sequencing to investigate the DNA linked with 
the histones. This combined approach detects 
the modifications of histones associated with 
DNA that regulates the transcriptional activi-
ties governing gene regulation.

CHMP Committee for Medicinal Products for 
Human Use. The EMA committee conducts 
initial assessment of EU-wide marketing 
authority applications, assesses modifications 
to an existing marketing authorization and is 
responsible for authorizing medicines in the 
EU.

CIEMAT Centro de Investigaciones 
Energéticas, Medioambientales y 
Tecnológicas. A Spanish public research insti-
tution in energy and the environment attached 
to the General Secretariat for Research of the 
Ministry of Science and Innovation.

CLI Critical limb ischemia. A serious condition 
requiring immediate treatment to re-establish 
blood flow to the affected area with the prior-
ity of preserving the limb.

CMC Chemistry, manufacturing, and control. 
The body of information that defines not only 
the manufacturing process but also quality 
control, specifications, and stability of the 
product together with the manufacturing facil-
ity and support utilities, including design, 
qualification, operation, maintenance, and 
release testing.

COC Cyclic olefin copolymer. Materials that 
contain or are made from at least one cyclic 
monomer. Exceptionally transparent to UV 
and visible light and resistant to chemicals 
and polar materials, it is suitable for replacing 
glass in many applications, especially point of 
care products and can be extruded into films 
or 3D printed for development of microfluidic 
devices.

COGEM The Netherlands Commission on 
Genetic Modification represents an indepen-
dent scientific advisory board, advising the 
government on risks to human health and the 
environment from the production and use of 
genetically modified organisms, informing 
on ethical and societal issues associated with 
genetic modification.

COGS Cost of goods sold. How much it costs to 
produce or acquire the product, including the 
direct material and labor expenses. Note that 
indirect expenses such as overheads, market-
ing, or shipping costs are not included.

COMP Committee for Orphan Medicinal 
Products. The EMA committee responsible 
for the scientific evaluation of applications for 
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medicines for rare diseases, termed “orphan 
medicines.”

ConA Concanavalin A. A carbohydrate-binding 
protein belonging to the legume lectin family 
that binds specifically to structures bearing 
internal and nonreducing terminal alpha-D- 
mannose and alpha-D-glucosyl groups found 
in sugars, glycoproteins, and glycolipids. 
Widely used to characterize glycoproteins and 
to purify glycosylated macromolecules by lec-
tin affinity chromatography.

CQA Critical Quality Attributes. The pre-
defined objectives, product, and process 
understanding, based on science of quality 
and risk management that includes all prod-
uct quality characteristics and specifically the 
critical attributes that ensure safety and effi-
cacy defined in the product label.

CRISPR Clustered Regularly Interspaced 
Short Palindromic Repeats. A technology 
used to selectively modify the DNA of living 
organisms by adapting naturally occurring 
genome editing systems found in bacteria for 
laboratory use.

CRO Contract Research Organizations. An 
organization contracted by another company 
to manage complex medical testing responsi-
bilities, aiming to reduce the cost of research 
and meet the needs of the evolving medical 
device and pharma industry.

CTA Clinical Trial Application. Prior authori-
zation from health authorities is a requirement 
for clinical trials. Comprehensive information 
is provided to assess the benefit/risk aspects 
and acceptability of conducting the study.

CTIS Clinical Trials Information System. 
This serves as the single-entry point for sub-
mitting clinical trial information in the EU 
and European Economic Area. It includes a 
sponsor workspace for clinical trial sponsors 
to assist in compiling the application. The 
authority secure workspace will support activ-
ities and help oversee the clinical trials while a 
public website will allow members of the pub-
lic to access detailed information on all clini-
cal trials submitted and approved in CTIS.

CTMP Cell Therapy Medicinal Product. A bio-
logical product derived from or consisting of 
human or animal cells and their components 
used as a biopharmaceutical to provide thera-
peutic benefit.

CU Compassionate Use. A patient centric man-
aged access approach according to Regulation 
726/2004, Article 83, whereby unapproved 
medicinal products are made available to 
patients suffering from untreatable life- 
threatening, chronic, or seriously debilitating 
disease. The novel therapeutic product needs 
to be subject to a Marketing Authorization 
Application or in a clinical trial.

Cx43 Connexin 43. A protein of molecular 
weight 43  kDa, also known as Gap Junction 
protein Alpha 1 encoded by the GJA1 gene 
on chromosome band 6q22.31. It represents 
the most common and ubiquitously expressed 
member of the connexin family of gap junction 
proteins, a type of cellular junction allowing 
passage between cells of molecular compo-
nents with weight less than 1 kDa, such as IP3, 
cAMP, Ca2+, and K+ ions.

CXCL5 C-X-C motif chemokine ligand 5, 
also known as epithelial-derived neutrophil- 
activating peptide 78 encoded by the CXCL5 
gene on chromosome band 4q13.3. Two cys-
teines are separated by a single amino acid in 
C-X-C chemokines, distinguishing them from 
CC chemokines with adjacent conserved cys-
teine residues. An inflammatory cytokine pro-
duced concomitantly with interleukin-8 that 
stimulates the chemotaxis of neutrophils and 
has angiogenic properties.

DABA Diacrylate bisphenol A. A resin of high 
hardness mainly used as an adhesive in sprays 
and coatings with fast curing speed.

DCN Decorin. Member of the small leucine- 
rich proteoglycan family of proteins encoded 
by the DCN gene on chromosome band 
12q21.33 that interacts with fibrillar collagens 
to modify the extracellular matrix structure of 
connective tissue. It can also modulate cellular 
responses to growth factors. Named from its 
ability to “decorate” collagen type I and inter-
act with the “d” and “e” bands of its fibrils.

ddPCR droplet digital Polymerase Chain 
Reaction. A relatively new form of PCR based 
on massive partitioning of the target sample 
via a water–oil emulsion system. Using a 
Poisson distribution, the fraction of target 
sequence positive droplets helps determine 
the concentration of template in the original 
sample, bypassing the need for references or 
extrapolation of standard curves.
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DFU Diabetic Foot Ulcer. Affects many peo-
ple with diabetes, and abnormal sugar levels 
can prevent skin from healing itself properly 
because of reduced nerve function.

DLBCL Diffuse Large B-cell Lymphoma. The 
most common form of non-Hodgkin lym-
phoma, a fast-growing blood cancer.

Dlk1/FA1 Delta-Like 1/Foetal Antigen 1. A 
protein encoded by the DLK1 gene on human 
chromosome band 14q32, a region contain-
ing an imprinted domain governing its paternal 
expression. Broadly expressed in human tissues 
during embryogenic development, its expression 
in adults is more confined to  neuroendocrine 
tissues and immature stem/progenitor cells. A 
transmembrane protein that can be cleaved to a 
soluble form and may have a role in maintaining 
an undifferentiated cell phenotype.

DMSO Dimethyl sulfoxide. A colorless sol-
vent of formula (CH3)2OS commonly used 
as an anti-freeze product for freezing cells 
due to an ability to affect the thermodynam-
ics of the freezing process. Concerns that its 
use in clinical practice may cause undesir-
able side-effects has led to the development 
of “DMSO-free” products for regenerative 
medicine cell therapy trials, and comparative 
trials will resolve the suitability of these new 
cryoprotective agents and their impact on cell 
behavior.

DNA Deoxyribonucleic Acid. An organic poly-
mer of two polynucleotide chains carrying 
genetic instructions, coiled around each other 
to form a double helix.

DP Drug Product. A finished dosage form pre-
pared from bulk drug substance that is ready 
for administration to the ultimate consumer as 
a pharmaceutical.

DRC Design Rule Check. A design rule is a 
geometric constraint imposed on circuit board 
and semiconductor device designers to ensure 
proper function.

DS Drug Substance. An active ingredient 
intended to provide pharmaceutical activity or 
other direct effect in the diagnosis, mitigation, 
treatment, prevention, or cure of disease or 
to influence the function of the human body, 
without including intermediates.

EBMT European Society for Blood and 
Marrow Transplantation. Founded in 1974, 

the organization aims to save the lives of 
patients with blood cancers and other life- 
threatening diseases by advancing the fields 
of blood and marrow transplantation and cell 
therapy worldwide.

EBV Epstein-Barr Virus. A member of the her-
pes family of DNA viruses, also known as 
human herpes virus 4, humans being the sole 
pathogen reservoir. Can cause development 
of infectious mononucleosis and in cases 
of severe immunosuppression can trigger 
Burkitt’s lymphoma.

EC European Commission. Formed in 1967, 
the executive body of the European Union, 
initiating action in the EU, mediating between 
member governments.

ECFA Ectopic Cartilage Formation Assay. An 
assay that enables one to assess the capacity of 
bioactive molecules to support cartilage for-
mation in vivo using cartilage organoids.

ECL Electrochemiluminescence. A kind of 
luminescence produced during electrochemi-
cal reactions in solutions. Electrochemically 
intermediates undergo an exergonic reaction, 
releasing free energy to produce an electroni-
cally excited state that then emits light upon 
relaxation to a lower level state.

ECM Extracellular Matrix. Also known as 
intercellular matrix, the network of extracel-
lular macromolecules including collagen, 
enzymes, and glycoproteins, plus minerals 
such as hydroxyapatite, that provide structural 
and chemical support to the associated cells.

EGFR Epidermal Growth Factor Receptor, 
also known as HER1 or ErbB-1, is a trans-
membrane protein that functions as a recep-
tor to members of the epidermal growth factor 
family of extracellular protein ligands.

EIS Electrochemical Impedance Spectroscopy. 
A highly sensitive characterization tech-
nique that can assay the electrical response of 
chemical systems in a nondestructive manner. 
Quantitative measurements enable the evalu-
ation of small-scale chemical mechanisms 
within the electrolyte solution at the electrode 
interface.

ELISA Enzyme-linked immunosorbent assay. 
A biological assay using an enzyme-labeled 
immunoreactant (antigen or antibody) and an 
immunosorbent (antibody or antigen bound to 
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a solid support). Often used to determine the 
potency of a drug or other substance by com-
parison to a reference standard.

ELISpot Enzyme-Linked Immunospot assay. 
In contrast to ELISA assays, ELISpot retrieves 
the frequency of cells that are secreting the 
protein of interest, rather than only the total 
analyte concentration in the culture medium. 
After the assay, ELISpot plates can be stored 
or shipped for off-site counting.

EMA European Medicines Agency. A decen-
tralized scientific agency established in 1995, 
the aim of the organization is to harmonize 
(but not replace) the work of existing national 
medicine regulatory bodies.

EpCAM Epithelial Cell Adhesion Molecule, 
also known as CD326, encoded by the 
EPCAM gene on chromosome band 2p21, 
is a transmembrane protein mediating Ca2+-
independent homotypic cell–cell adhesion in 
epithelia. EpCAM is involved in cell signaling, 
migration, proliferation, and differentiation.

EU European Union. An international organiza-
tion comprising 27 European countries and 
governing common economic, social, and 
security policies.

EUA Emergency use authorization. Risk- 
based procedure developed by a Stringent 
Regulatory Authority to approve the use of a 
therapy under development.

EV Extracellular vesicles. A generic term for 
lipid bilayer enveloped particles released by 
cells to the extracellular environment, includ-
ing particles termed ectosomes, micropar-
ticles, micro vesicles, apoptotic bodies, and 
exosomes among others. Known to facili-
tate intercellular communication processes 
between cells mediated by microRNA and 
proteins, they represent a potential source of 
biomarker discovery as well as potential ther-
apeutic agents.

EWOD Electrowetting-on-dielectric. A tech-
nique for manipulating individual droplets on 
a single platform with high precision, configu-
rable for micro- or nanoliter droplet actuation, 
controlled by an electrical stimulus, applica-
ble to lab-on-chip fluidic operations.

FA Fanconi Anemia. A very rare bone mar-
row failure syndrome leading to an impaired 
response to DNA damage, caused by a homol-

ogous recombination genetic defect in a clus-
ter of proteins responsible for DNA repair.

FACS Fluorescence-activated Cell Sorting. A 
rapid cell sorting method whereby diversely 
fluorescently stained live cells are analyzed 
together and then separated. A highly sensi-
tive, high-throughput technique employing 
flow cytometry with the advantage that cell 
populations can be sorted to high purity and 
selected for several parameters concurrently.

FANCA Fanconi Anemia Complementation 
group A. Fanconi Anemia is a clinically and 
genetically heterogeneous disorder causing 
genetic instability. Caused by homozygous 
or compound heterozygous mutation in the 
FANCA gene on chromosome band 16q24.

FATAL Fluorometric assessment of T lym-
phocytes antigen specific lysis. A technique 
employing dual staining (PKH-26 and CFSE) 
to identify and evaluate target cell cytolysis.

FBS Foetal Bovine Serum. Also misnamed as 
Foetal Calf Serum (the serum is not obtained 
from full-term calves but from a fetus at late- 
stage development). A popular supplement 
to the basal medium used in cell culture, 
yet prone to inter-batch variation and risk of 
pathogen contamination, so alternatives are 
being researched.

FDA Food and Drug Administration. The United 
States federal agency of the Department of 
Health and Human Services.

FET Field-Effect Transistor. Also known as a 
unipolar transistor, an electric field controls 
the flow of current in a semiconductor. The 
flow of current is controlled by application 
of a voltage to the gate terminal, thus altering 
the conductivity between the drain and source 
terminals.

FIH First in Human. Such clinical trials play a 
critical role in bringing new interventions to 
clinical practice, representing studies during 
which a drug is administered to humans for 
the first time after a series of preclinical tests 
for safety. Mostly conducted in volunteers; 
however, in certain critical circumstances, 
patients who cannot easily benefit from avail-
able therapies are assessed. Generally, a 
multidisciplinary team of clinical operation 
specialists conduct the trials to manage inher-
ent risks and challenges.
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FR4 Flame Retardant 4, the number 4 differ-
entiates this type of woven glass-reinforced 
epoxy resin from other similar materials.

G6PD Glucose 6 Phosphate Dehydrogenase, 
also abbreviated G6PDH, an enzyme encoded 
by the G6PD gene on chromosome band 
Xq28. This cytosolic protein participates in 
the pentose phosphate pathway, a metabolic 
pathway that supplies reducing energy to cells 
by maintaining the level of the coenzyme 
nicotinamide adenine dinucleotide phosphate, 
which in turn maintains the level of glutathi-
one, helping to protect red blood cells against 
oxidative damage.

GO Graphene Oxide. A material of unique phys-
iochemical properties, which may be derived 
from graphite as a single layer honeycomb 
lattice of graphene-analogous carbon atoms 
with various oxygen-containing functional-
ities such as epoxide, carbonyl, carboxyl, and 
hydroxyl groups. These are semi-randomly 
distributed, introducing on-plane functional-
ization defects (vacancies and holes) making 
GO more reactive than the naturally inert gra-
phene hexagonal structure.

GQD Graphene Quantum Dots. Zero- 
dimensional graphene derivatives with one 
to few layers of graphene sheets of less than 
20  nm. Properties such as extremely small 
size, quantum confinement, biocompatibil-
ity, photostability, and water solubility make 
them excellent candidates for understanding 
molecular systems and cellular processes at 
the molecular scale.

GSTT1 Glutathione S-transferase theta 1. The 
protein encoded by the GSTT1 gene on chro-
mosome band 22q11.23 is haplotype-specific 
and absent from 38% of the population. It cat-
alyzes the conjugation of reduced glutathione 
to a variety of electrophilic and hydrophobic 
compounds enhancing detoxification.

GTMP Gene Therapy Medicinal Product. An 
emerging class of biopharmaceutical that aims 
to modify or manipulate the expression of a 
gene or cure disease by replacing a disease- 
causing gene with a healthy copy, inactivat-
ing the mal-functional disease-causing gene 
or introducing a new or modified gene to help 
treat a disease.

GTP Good Tissue Practice. Requirements 
include standards for facilities, environmental 
control, equipment, supplies, reagents, recov-
ery, labeling controls, storage, receipt and 
distribution, and donor screening and donor 
testing. The aim is to ensure cells and tissues 
maintain their integrity and function.

GvHD Graft versus Host Disease. A clinical 
complication that can arise after allogeneic 
bone marrow and stem cell transplantation 
whereby associated T cells recognize the 
recipient patient’s body as foreign and react 
immunologically against the recipient’s anti-
gens, attacking cells and tissues.

hBM-MSC human Bone Marrow Multipotent 
Stromal Cell, also described as human Bone 
Marrow-derived Mesenchymal Stem Cells.

hBMSC human Bone Marrow Stromal Cells 
also described as human Bone Marrow- 
derived Mesenchymal Stem Cells.

HE Hospital Exemption. Principles that allow 
for the use of an ATMP without a market-
ing authorization under certain specific cir-
cumstances. This only applies to a hospital 
setting on a nonroutine basis, when no cen-
trally authorized treatment or clinical trial is 
available.

Hedgehog The Hedgehog signaling pathway 
transmits information to embryonic cells 
required for proper cell differentiation. Its 
name derives from its polypeptide ligand, 
an intracellular signaling molecule called 
Hedgehog (Hh) found in fruit flies of the 
genus Drosophila.

HEK 293T Human embryonic Kidney 293T 
cells express a mutant version of the SV40 
large T antigen. They are a derivative of a 
human immortalized cell line HEK 293, 
grown in tissue culture from a spontaneously 
miscarried female fetus.

Hemgenix Brand product name for etranaco-
gene dezaparvovec-drlb, an adeno-associated 
virus vector-based one-time gene therapy for 
treatment of adults with Hemophilia B, the 
first FDA-approved gene therapy.

HER2 Human Epidermal growth factor 
Receptor 2, also known as CD 340, is a human 
protein encoded by the ERBB2 gene on chro-
mosome band 17q12. HER2 was so named 
because of similar structure to the human epi-
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dermal growth factor receptor HER1, but con-
trary to other members of the ERBB family, 
HER2 does not directly bind ligand.

hESC human Embryonic Stem Cells. Derived 
from the inner cell mass of a mammalian 
embryo at a very early blastocyst stage of 
development, composed of a hollow sphere of 
dividing cells. The first hESC line was created 
in 1998, demonstrably capable of forming a 
wide variety of different tissue phenotypes 
in vitro, forming teratomas when grafted into 
immunosuppressed mice.

HGF Hepatocyte Growth Factor, also known as 
Scatter Factor, is a paracrine cellular growth, 
motility, and morphogenic secreted factor, 
encoded by the HGF gene on human chromo-
some band 7q21.11, a protein with a major 
role in wound healing.

HHV-6 Human herpes virus 6, the collective 
name for the double-stranded DNA viruses 
HHV-6A and HHV-6B, the latter a ubiquitous 
virus, etiologic agent of the childhood illness 
exanthema subitem (roseola infantum).

hiPSC human-induced Pluripotent Stem Cell. 
These may be generated from patients of any 
genetic background and possess the capacity 
to differentiate into almost any desired termi-
nal cell type.

HLA-DR Human Leukocyte Antigen-DR iso-
type, an MHC class II cell surface receptor 
encoded by the human leukocyte antigen com-
plex on chromosome band 6p21.31.

HLA-G5 Human leukocyte antigen, class G5, 
also known as histocompatibility antigen. 
The fifth of at least seven alternatively spliced 
isoforms, it can present a narrower variety of 
peptides than its classical HLA I counterpart, 
a major immune checkpoint, it downregulates 
the immune system’s response.

hMSC human Multipotent Stromal Cells also 
frequently described as human Mesenchymal 
Stem Cells, the moniker Medicinal Signaling 
Cells, has also been proposed.

Holoclar The brand name of the first stem cell 
therapy approved in Europe, consisting of 
ex vivo expanded autologous human cornea 
epithelial cells containing stem cells. The 
name Holoclar derives to the Greek words 
“holos” and “clarus” meaning “whole” and 
“clear or bright”. The cell therapy aims to 

restore long-term corneal integrity, providing 
clarity to patients experiencing vision loss.

HPC Hematopoietic progenitor cell. The cell 
types derived from hematopoietic stem cells 
that give rise to one or more types of mature 
blood cells. Unlike true stem cells, which can 
develop any blood cell line, progenitor cells 
are more restricted; multipotent HPC pro-
duce most subsets of blood cells, oligopotent 
HPC include lymphoid and myeloid lineage 
restricted progenitor cells, and unipotent HPC 
produce one set of blood cells, e.g., unipotent 
megakaryocytic progenitor cells.

HPV human papillomavirus. A large number 
of double-stranded DNA papillomaviruses 
of numerous genotypes cause various human 
warts and some HPV have been associated 
with induction of cervical cancer.

HSC Hematopoietic Stem Cell. Present in 
blood and bone marrow, they are capable of 
forming mature blood cells, such as red blood 
cells, platelets, and white blood cells and can 
be transplanted to replace or rebuild a patient’s 
hematopoietic system.

hTERT human Telomerase Reverse 
Transcriptase. A catalytic subunit of telom-
erase encoded by the TERT gene on chromo-
some band 5p15.33. It is essential for telomere 
maintenance and overexpression of the gene 
can suffice to induce the unlimited prolifera-
tion of cells.

hUC-MSC human umbilical cord tissue 
derived multipotent stromal cells. Wharton’s 
Jelly derived MSC cells to be sourced from 
otherwise discarded tissue, demonstrate high 
proliferative capacity and improved immu-
nopotency when compared to similar MSC 
from other tissue sources.

HUVEC Human Umbilical Vein Endothelial 
Cells. Cells derived from the vein of the 
umbilical cord and often used for physiologi-
cal and pharmacological investigations related 
to macromolecular transport, blood coagula-
tion, and angiogenesis.

ICH The International Council of 
Harmonization of Technical Requirements 
for Pharmaceuticals for Human Use, uniquely 
gathers regulatory authorities and pharmaceu-
tical industry to discuss scientific and techni-
cal aspects of drug registration.
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IDE Inter-digitated electrode. Fabricated by 
combining two separately addressable elec-
trode arrays, with the resulting electrode 
structure having a comb-shaped or zipper-like 
arrangement. IDE are used for diverse electro-
chemical sensor operations, favored for high 
sensitivity specialized sensors that have rela-
tively straightforward, low-cost fabrication.

IDO/IDO1 Indoleamine 2,3-dioxygenase. A 
haeme- containing enzyme encoded by the 
IDO1 gene found on human chromosome 
band 8p11.21. Physiologically expressed in 
a number of tissues and cells, it catalyzes the 
first rate-limiting step in tryptophan catabo-
lism to N-formyl-kynurenine.

IFN-γ Interferon gamma, encoded by the IFNG 
gene on human chromosome band 12q15, is 
a dimerized soluble cytokine, member of the 
type II class of interferons with a role in regu-
lating the immune response of the target cell.

IGF-1 Insulin-like growth factor 1, also known 
as somatomedin C, is encoded by the IGF1 
gene found on human chromosome band 
12q23.2. A hormone with similar molecular 
structure to insulin, playing an important role 
in childhood growth, with anabolic effects in 
adults.

IL-10 Interleukin-10, also known as human 
cytokine synthesis inhibitory factor, an anti- 
inflammatory cytokine encoded by the IL10 
gene on human chromosome band 1q31–1q32.

IL-15 Interleukin-15. An inflammatory cytokine 
encoded by the IL15 gene on human chromo-
some band 4q31.21, that regulates T and natu-
ral killer cell activation and proliferation.

IL-1β Interleukin-1beta, also termed leukocytic 
pyrogen, leukocytic endogenous mediator, 
mononuclear cell factor or lymphocyte acti-
vating factor. A cytokine protein encoded by 
the IL1B gene on chromosome band 2q14.1. 
An important mediator of the inflammatory 
response with involvement in cell processes 
including proliferation, differentiation, and 
apoptosis.

IL-2Rα Interleukin-2 receptor alpha chain 
also called CD25, the protein encoded by 
the IL2RA gene on human chromosome band 
10p15.1. A type I transmembrane protein 
present on activated T cells, activated B cells, 
some thymocytes, myeloid precursors, and 
oligodendrocytes.

IL8 Interleukin 8. A small soluble-activating 
peptide encoded by the CXCL8 gene on human 
chromosome band 4q13.3. This member of the 
CXC chemokine family attracts neutrophils, 
basophils, and T cells to an inflammatory site.

Imlygic The brand name for talimogene laher-
parepvec, the first and only FDA-approved 
viral therapy injected directly into melanoma 
tumors, where it multiplies inside the cancer 
cells and destroys them.

IMP Investigational Medicinal Product. A phar-
maceutical substance or placebo being tested 
or used as a reference in a clinical trial. This 
includes products that already have marketing 
authorization in place.

iMSC induced pluripotent stem cell- derived 
MSC. Human iMSC lines are being investigated 
as potentially a clinically relevant source of 
MSC that circumvent ageing- associated aspects 
pertaining to adult bone marrow derived MSC.

IND Investigational New Drug. Refers to a 
drug or biological product that is or will be 
used in a clinical investigation, having already 
been approved by the FDA or EMA for use in 
humans in a research setting, after successful 
review of a submitted application.

IOVANCE Biotherapeutics A biopharmaceu-
tical start-up based in San Carlos, California, 
focusing on tumor-infiltrating lymphocyte- 
based therapies against cancer.

IPC In-process Controls. Checks performed 
during a production process to monitor and 
if necessary, adjust the process to ensure the 
product conforms to its specifications.

iPSC induced Pluripotent Stem Cells. Generated 
from cells easily obtained from living organ-
isms and humans, i.e., blood or skin cells, 
that have been genetically reprogrammed to 
become stem cells with the ability to differen-
tiate into any cell type in the body.

ISCT International Society for Cell and Gene 
Therapy. Established in 1992, a global society for 
researchers, regulators, technologists, clinicians, 
and industry partners aiming to translate cell and 
gene research into safe and effective therapies. 
A collaborative forum for academia, regulatory 
authorities and industrial commercialization.

ISEV International Society for Extracellular 
Vesicles, the largest professional society for 
researchers and scientists involved in the 
study of extracellularly secreted vesicles.
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ISFET Ion sensitive field-effect transistor. A 
type of field effect transistor that measures 
ion concentrations in solution. When the ion 
concentration changes, the current through the 
transistor changes accordingly.

ITP Isotachophoresis, analytical chemistry 
technique for selective separation and concen-
tration of ionic analytes.

JACIE Joint Accreditation Committee ISCT- 
Europe & EBMT is Europe’s only official 
accreditation body in the field of hematopoi-
etic stem cell transplantation and cellular ther-
apy. A profession-led voluntary accreditation 
scheme promotes high-quality patient care 
and medicinal as well as laboratory practice.

KIAA1199/CEMIP Cell migration-inducing 
and hyaluronan-binding protein. Encoded 
by the CEMIP gene found on human chro-
mosome band 15q25.1. Genes identified in 
the Kazusa DNA Research Institute cDNA 
sequencing project were systematically des-
ignated KIAA plus a four-digit number, as 
a temporary symbol for genes of unknown 
function, to be changed when a function is 
identified.

Klf4 Kruppel-like factor 4, a member of the 
KLF family of zinc finger transcription fac-
tors, belonging to the relatively large fam-
ily of Specificity Protein 1-like transcription 
factors. Encoded by the KLF4 gene on chro-
mosome band 9q31.2, it is important in regu-
lating chromosome number, genetic stability, 
response to DNA damage, and cell survival. 
It can influence Wnt signaling pathway genes, 
regulating differentiation.

KYMRIAH The brand name for 
Tisagenlecleucel, a CAR T-cell medication 
for the treatment of B-cell acute lymphoblas-
tic leukemia that uses the body’s own T cells 
to fight cancer by adoptive cell transfer.

Lab-on-PCB Lab on Printed Circuit Board. 
Adopting the lab-on-a-chip concept, a device 
that integrates one or several laboratory func-
tions on a single printed circuit board, with 
the advantage of established PCB produc-
tion facilities providing an inherent upscale 
potential.

LAL Limulus amoebocyte lysate. An aqueous 
extract of blood cells from the Atlantic horse-
shoe crab (Limulus polyphemus) that reacts 

with bacterial endotoxin lipopolysaccharide, 
a membrane component of gram-negative 
bacteria.

LAV Live attenuated virus. This form of virus 
has been used to generate vaccines containing 
infectious agents of virulence weakened by a 
series of treatments.

LoC Lab-on-a-Chip. A device that integrates 
laboratory functions on a single integrated 
circuit that can achieve high-throughput 
screening.

LOD Limit of detection. The lowest concentra-
tion or quantity of a component or substance 
that can be reliably distinguished and mea-
sured by an analytical method.

M1 Phenotype Macrophages of M1-type rep-
resent a classically activated “killer” form 
that have pro-inflammatory, bactericidal, and 
phagocytic functions.

M2 Phenotype Macrophages of M2-type rep-
resent an alternatively activated “repair” form 
that function in constructive processes such 
as wound healing and tissue repair turning off 
damaging immune system activation by pro-
ducing anti-inflammatory cytokines.

MAA Marketing Authorization Applications. 
An application submitted to EMA to market 
a medicinal product in the EU Member States.

MACI Matrix-induced Autologous 
Chondrocyte Implantation. An autologous 
cell therapy procedure whereby a patient’s 
own cells are harvested from the knee and 
used to regenerate new cartilage for the knee 
joint.

MB Molecular Beacon, also known as molecu-
lar beacon probes, are hairpin-shaped oligo-
nucleotide hybridization probes designed to 
report the presence of specific nucleic acids 
in homogeneous solutions. An internally 
quenched fluorophore has its fluorescence 
restored when the beacon probe binds to a tar-
get nucleic acid sequence.

MCB Mixed Circuit Board. Also known as 
mixed signal-integrated circuits, contain both 
digital and analogue circuitry in the same chip.

MCP1 Monocyte Chemoattractant Protein 1, 
also known as Chemokine (CC-motif) ligand 
2, has a vital role in the process of inflamma-
tion by attracting and enhancing the expres-
sion of inflammatory factors and cells.
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MEA Microelectrode arrays. A promising 
device to detect electrical activities of tis-
sues or organs in vivo or in vitro and measure 
extracellular electrical activity, for exam-
ple monitoring cardiac and neural cellular 
electrophysiology.

MEMS Microelectromechanical system. A 
miniature machine, micro mechatronic device 
with both mechanical and electronic compo-
nents. Some lack mechanical parts yet minia-
turize structures of conventional machinery, 
e.g., cavities, holes, and membranes. Some 
MEMS act as transducers, since they convert 
mechanical signals into electrical or optical 
signals.

MERTK MER tyrosine kinase proto-onco-
gene. An enzyme that in humans is encoded 
by the MERTK gene located on chromosome 
band 2q13. A type I receptor tyrosine kinase 
and member of the TAM family of homolo-
gous tyrosine kinases, it has important roles in 
homeostasis of normal cells and is often over-
expressed in a wide range of cancers.

MHC Major histocompatibility complex, also 
known as human leukocyte antigens. A large 
genetic locus on chromosome 6 contains a set 
of polymorphic genes encoding cell surface 
proteins essential for the adaptive immune 
system.

MHLW Ministry of Health, Labour and 
Welfare. A cabinet level ministry of the 
Japanese government that provides services 
on health, labor, and welfare.

miRNA Micro Ribose Nucleic Acid. Small 
single-stranded noncoding RNA molecules 
containing 21–23 nucleotides that base-pair 
to complementary sequences in mRNA mol-
ecules, to then activate processes that result in 
silencing and post-transcriptional regulation 
of gene expression.

MISEV Minimal information for studies 
of extracellular vesicles. Guidelines first 
released in 2014 by the International Society 
for Extracellular Vesicles to provide standard-
ization of protocols and reporting in the extra-
cellular vesicle field. MISEV 2018 guideline 
were subsequently published to update the 
topics of nomenclature, separation, character-
ization, and functional analysis.

MLR Mixed lymphocyte reaction. A test to 
demonstrate the safety of a drug or implant-
able material, by assessing how T-cells react to 
external stimuli. In the ex vivo cellular immune 
assay, allogeneic populations of T-lymphocytes 
are mixed together with measurement of the 
reaction that occurs. In a one- way MLR, only 
one T-lymphocyte population can respond or 
proliferate, in two-way MLR both can.

MMP Matrix metalloproteinase, also known 
as matrix metallopeptidases or matrixins, a 
family of calcium dependent, zinc-containing 
endopeptidases, that collectively are capable 
of degrading all kinds of extracellular matrix 
proteins, yet can also process several bioactive 
proteins.

MMP-13 Matrix Metalloproteinase 13, also 
known as Collagenase-3, a protein encoded 
by the MMP13 gene on chromosome band 
11q22.2 involved in the breakdown of extra-
cellular matrix in normal physiological pro-
cesses such as tissue remodeling as well as 
pathological processes such as arthritis and 
metastasis.

MoA Mechanism of Action. A description of 
the detailed understanding at the biochemi-
cal and molecular level, of changes within 
the host that bring about the specific action of 
the administered substance. The mechanism 
of action involves altered specific biochemi-
cal reactions that consequently influence the 
mode of action, i.e., how the action is brought 
about by physiological, chemical and func-
tional changes that occur in the cell. Needed to 
fulfil knowledge of biological pathways that 
underlie a given disease and an estimate of the 
degree or amount of disruption each pathway 
can tolerate without evoking pathway-specific 
toxicity.

MRL/MpJ Murphy Roths Large (MRL/MpJ) 
is a strain of laboratory mouse developed in 
1999 at The Wistar Institute in Philadelphia, 
Pennsylvania. It demonstrates a remarkable 
capacity for cartilaginous wound closure, plus 
an ability to regenerate cardiac tissue.

mRNA Messenger ribose nucleic acid. A 
single- stranded molecule generated by the 
process of transcription in correspondence to 
the genetic sequence of a gene, read by a ribo-
some in the process of synthesizing a protein.
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MSC Mesenchymal stem cell. One of the 
most widely studied cell types for advanced 
therapy medicinal products used to explore 
tissue engineering and immune therapy strat-
egies. Mesenchymal stem cell represents 
the most widely used moniker among mes-
enchymal stromal cell, multipotent stromal 
cell, and medicinal signaling cells for non- 
hematopoietic multipotent, self-renewable 
cells capable of trilineage differentiation.

MT1-MMP Membrane-type-I matrix metal-
loproteinase, a transmembrane protein 
encoded by the MMP14 gene on chromosome 
band 14q11.2. A tethered collagenase and 
important modifier of the pericellular micro-
environment, it has an important role in extra-
cellular matrix degradation for both normal 
physiological and disease processes such as 
metastasis.

MUC1 Mucin short variant S1, also known as 
polymorphic epithelial mucin (PEM), epi-
thelial membrane antigen (EMA), or CD227, 
a high molecular weight type I membrane 
tethered glycoprotein encoded by the MUC1 
gene on chromosome band 1q21–24. It is 
multitasked with immunosuppressive proper-
ties, a role in protection against infections and 
involvement in oncogenic processes as well 
as cell- signaling, including interactions with 
cancer antigens such as HER2.

MV Microvesicles. Also known as ectosomes or 
microparticles, MV represent a type of extra-
cellular vesicle delimited by a phospholipid 
bilayer released from the cell membrane into 
the interstitial space between cells. Generally 
considered to be larger than exosomes, they 
also play a role in intercellular communica-
tion by transporting molecules that include 
mRNA, miRNA, and proteins.

MVB Multivesicular bodies. Membranous 
0.5–1.0 μM wide organelles found in the cyto-
plasm of cells containing small vesicles and 
hydrolases. MVB transport material from 
early endosomes to late endosomes via intra-
cellular sorting organelles and accumulated 
intraluminal vesicles, resulting in a multive-
sicular appearance.

NALM6 cells A B-cell precursor leukemia 
cell line initiated from a 19-year-old male 
patient with acute lymphoblastic leukemia. 

Characterization indicated the leukemia was 
derived from non-T and non-B cells and posi-
tive in a one-way mixed lymphocyte reaction. 
A CD19+ cell line ideal for testing novel CAR 
T-cell or other immunotherapies for efficacy 
in vivo.

NBM Nano-Biomaterials. Nanotechnology- 
derived biomaterials, converge material sci-
ence and biology with a regulatory size 
threshold of 1–100 nm applied to at least one 
external dimension of the material containing 
particles or agglomerates larger than 100 nm 
formed by such particles. Diverse types 
include metallic, ceramic, semiconductor- 
based, organic/carbon-based, silica-based, 
polymeric, and biological.

NCA National Competent Authority. The 
authority of the member state of the European 
Union primarily responsible for the authoriza-
tion of medicines available in the EU that do 
not pass through the centralized procedure.

NELL Neural Epidermal Growth Factor- 
like like proteins 1 and 2 are protein kinase 
C-binding enzymes that have six EGF-like 
repeats and constitute a family of multimodal 
extracellular glycoproteins. The heterotri-
meric protein may be involved in cell growth 
regulation and differentiation.

NF-κB Nuclear factor kappa-light-chain- 
enhancer of activated B cells, represents a 
protein complex controlling DNA transcrip-
tion, cytokine production, and cell survival. 
Residing in an inactive state, it can serve as a 
rapid acting transcription factor that does not 
require new protein synthesis. It has a key role 
in regulating the acute immune response to 
infection and inflammation.

NHL Non-Hodgkin’s lymphoma. A collec-
tive term for a number of subtypes of cancer 
that usually originate in lymph nodes or other 
lymph tissue whereby Lymphocytes (white 
blood cells) grow abnormally and can form 
tumors of indolent or aggressive nature. NHL 
are distinguished from Hodgkin lymphoma 
that usually starts in B lymphocytes, yet 
spread and respond to treatment differently.

NK Natural killer cells or large granular lym-
phocytes (LGL) represent a type of cytotoxic 
lymphocyte critical to the innate immune 
system.
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Notch The human proteins constitute a family 
of four single-pass transmembrane receptors 
that are homologues of the Drosophila devel-
opment gene Notch (the name is derived from 
a characteristic mutation-induced Drosophila 
wing phenotype, a nick or notch in the wing-
tip). Members of the Notch gene family 
mediate cell-fate decisions of multipotent pre-
cursors in a number of different species.

NSCLC Non-small cell lung cancer. The most 
common type of lung cancer that grows slowly 
in comparison to small cell lung cancer; none-
theless, its metastatic potential augments need 
for early detection and treatment.

NY New York. A state in the north-east US, cap-
ital Albany. The seaport in south- eastern NY, 
New  York City at the mouth of the Hudson 
River, comprises the boroughs of Manhattan, 
Queens, Brooklyn the Bronx, and Staten 
Island.

OA Osteoarthritis. The most common form of 
arthritis. Associated with trauma or ageing, 
the cartilage within a joint begins to break 
down leading to chronic pain with risk of stiff-
ness reduced function and disability.

OCT 3/4 Octamer-binding transcription fac-
tor 3/4 represents a key transcriptional fac-
tor encoded by the POU5F1 (POU Class 5 
Homeobox 1) gene on chromosome band 
6p21.33. The transcription factor contains 
a POU homeodomain (derived from the 
names of three types of transcription factors: 
Pituitary-specific Pit-1, Octamer transcription 
factors (octamer sequence is ATGCAAAT), 
and the neural Unc-86 transcription factor). 
Oct 3/4 has a key role in embryonic develop-
ment and stem cell pluripotency. Expression 
levels govern the fate of primitive inner mass 
and embryonic stem cells.

OTAT Office of Tissues and Advanced 
Therapies. One of three product offices within 
the Centre for Biologics Evaluation and 
Research in consultation with FDA leader-
ship, overseeing biological products through 
a data-driven process to provide regulatory 
oversight to ensure medical products are safe 
and effective.

PAX6 Paired box 6 protein, also known as 
aniridia type II protein or oculorhombin, is a 
protein encoded by the PAX6 gene on human 

chromosome 11p13. Transcription factor 
activity of this protein is key in the develop-
ment of neural tissues, particularly the eye.

PBMC Peripheral Blood Mononuclear Cells. 
Any blood cell with a single nucleus, including 
lymphocytes, monocytes, and dendritic cells.

PC Polycarbonate. A group of thermoplastic 
polymers containing carbonate esters with 
planar cores that confer rigidity in their chem-
ical structures.

PCR Polymerase Chain Reaction. A fast and 
inexpensive technique that can amplify spe-
cific DNA sequences in  vitro by incubating 
separated DNA strands with oligonucleotide 
primers and DNA polymerase. Thirty to 
40 cycles of PCR reaction can yield more than 
one billion precise copies of the original DNA 
segment.

PD-1 Programmed Cell Death Protein 1, also 
known as CD279, an immune checkpoint pro-
tein encoded by the PDCD1 gene on chromo-
some band 2q37.3. Found on the surface of T 
and B cells with a role in regulating immune 
system responses by suppressing T cell 
inflammatory activity. It promotes apoptosis 
of antigen-specific T cells in lymph nodes and 
reduces apoptosis in anti-inflammatory regu-
latory T cells.

PDGF Platelet-derived growth factor. A protein 
family of growth factors that bind and activate 
PDGF receptor tyrosine kinases to regulate 
growth and division. For example, the prod-
uct of the PDGFA gene on chromosome band 
7p22.3 represents a potent mitogen for cells of 
mesenchymal origin.

PDL1 Programmed death-ligand 1, also known 
as CD274 or B7 homolog, is a 40 kDa protein 
encoded by the CD274 gene on chromosome 
band 9p24.1. It functions to suppress the adap-
tive arm of the immune system.

PDMS Polydimethylsiloxane, also known as 
dimethylpolysiloxane or dimethicone, a poly-
meric organosilicon compound widely used in 
silicon-based organic polymers.

PEG Polyethylene glycol. Any of a family of 
polymers H(OCH2CH2)nOH where n is greater 
than 3, derived as condensation polymers of 
ethylene and glycol of that have high molecu-
lar weight and are soluble in water as well as 
many organic solvents. Ranging from viscous 
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liquids to white solids, they are used as emul-
sifiers, lubricants, and plasticizers.

PET Polyethylene terephthalate or 
poly(ethylene terephthalate), consisting of 
repeating (C10H8O4) units, is the most com-
mon plastic polymer resin of the polyester 
family, used in fibers for clothing, food, or liq-
uid containers and composite resins.

PFSB Pharmaceutical and Food Safety Bureau 
of the Japanese Ministry of Health, Labour 
and Welfare and its review agency, the 
Pharmaceutical and Medical Devices Agency, 
or any successor agency thereof.

PGE2 Prostaglandin E2, also known as dino-
prostone, a potent inflammatory mediator 
generated by conversion of arachidonic acid 
by the enzyme cyclooxygenase 2.

PHA Phytohaemagglutinin. A lectin found in 
plants consisting of two closely related pro-
teins, leucoagglutinin and PHA-E, that can 
cause blood cells to clump together and can 
represent a toxin in improperly prepared 
uncooked legumes.

PKH-67 A green-fluorescent lipophilic mem-
brane dye (excitation 490  nm, emission 
504 nm) invented by Paul Karl Horan, widely 
used for general cell membrane staining. It 
has a longer aliphatic carbon tail than alter-
native PKH green dyes previously described 
for in  vitro and in  vivo cell tracking. Thus, 
PKH-67 has reduced cell–cell transfer with 
an extended half-life and stability useful for 
long-term in vivo studies.

PLGA Poly(lactic-co-glycolic acid), a biodegrad-
able and biocompatible FDA-approved copo-
lymer, used in many therapeutic drug delivery 
devices and tissue engineering applications.

PMDA Pharmaceuticals and Medical Devices 
Agency, the government organization in 
Japan overseeing the unique set of processes 
and agencies for the regulation of drugs. 
Established in 2004, it consolidated the ser-
vices of the Pharmaceuticals and Medical 
Devices Evaluation Centre of the National 
Institute of Health Sciences, the Organization 
for Pharmaceutical Safety and Research 
and part of the Japan Association for the 
Advancement of Medical Equipment.

PMMA Poly(methyl methacrylate). A trans-
parent thermoplastic, also known as acrylic 

glass, often used in sheet form as a lightweight 
shatter-resistant alternative to glass.

PNA Peptide nucleic acid. An artificially syn-
thesized polymer similar to DNA or RNA but 
with repeating N-(2-aminoethyl)-glycine units 
linked by peptide bonds. Used in molecular 
biology procedures and for diagnostic appli-
cations as well as antisense therapies. High 
binding strength properties, enhanced binding 
specificity characteristics, resistance to nucle-
ases or proteases and stability over a wide pH 
range, convey advantages and obviate need for 
long PNA oligomers.

PONT Point of need testing, also known as 
Point-Of-Care Testing (POCT), involves 
screening and tests at or near the point of care, 
aiming to provide accurate and rapid diagnos-
tics that allow prompt actionable care.

PRIME Priority Medicines. A strategic initia-
tive launched by EMA to enhance support 
for the development of voluntary schemes for 
medicines that target an unmet medical need, 
promoting development with accelerated 
assessment of medicine product applications, 
building on existing resources of scientific 
advice and accelerated assessment at the time 
of application for marketing authorization.

PROCHYMAL Also known as rememstem-
cel- L, a stem cell therapy made by Osiris 
Therapeutics, the first of its kind approved by 
Canada. Renamed Ryoncil.

QbD Quality by Design. A concept outlined 
by quality expert Joseph M. Juran, indicating 
that quality could be planned and adopted by 
the FDA for the discovery, development, and 
manufacture of drugs.

QC Quality Control. Process procedures that 
product quality is maintained or improved 
through well-defined controls and safety mea-
sures to minimize any risk that a person might 
be adversely affected by a product.

QMS Quality management system. A formal-
ized system that documents processes, pro-
cedures, and responsibilities for achieving 
quality objectives.

qPCR quantitative Polymerase Chain Reaction. 
A laboratory method for determining the amount 
of a specific DNA sequence in a sample, involv-
ing amplification of the target DNA sequence 
and measure the amount of product generated.
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QTPP Quality Target Product Profile. 
Described in the 2009 ICH Q8 guide (R2) as 
a prospective summary of the quality char-
acteristics of a drug product. Considerations 
include dosage and drug product quality cri-
teria, e.g., sterility, purity, stability, and drug 
release.

RCL Replication-competent lentivirus. Used in 
biomedical research, it advantageously offers 
the possibility of infecting both dividing and 
nondividing cells, an effective tool in gene 
therapy. Guidance recommendations seek to 
minimize the biosafety risk of self-replication 
through a process of recombination.

RCR Replication-competent retrovirus. 
Retroviral vectors engineered to deliver genes 
are usually replication defective, yet it is pos-
sible for recombination to generate replication 
competent viruses during the manufacturing 
process and this represents a testable safety 
concern for individuals treated with retroviral 
vector gene therapy.

Remestemcel-L A stem cell therapy developed 
by Osiris Therapeutics. Also known by spe-
cific brand names Prochymal or Ryoncil. An 
allogeneic stem cell therapy based on mesen-
chymal stem cells from the bone marrow of 
adult donors, used as a treatment for acute 
graft-vs-host disease.

RGO Reduced Graphene Oxide. The form of 
graphene oxide processed by chemical, ther-
mal, and other methods to reduce the oxygen 
content. This change in chemical composition 
influences electrical conductivity, hydropho-
bic behavior, mechanical strength, and dis-
persibility, extending utility in engineering 
and biomedical applications.

RhoA Ras homolog family member A, also 
known as transforming protein RhoA, is a 
small GTPase protein encoded by the RHOA 
gene on chromosome band 3p21.31. It is pri-
marily involved in actin organization, myosin 
contractility, cellular morphological polariza-
tion, and transcriptional control  – important 
processes governing stem cell commitment 
and cytoskeletal maintenance.

RNA Ribonucleic acid, a polymeric molecule 
assembled as a chain of nucleotides, found 
as a single strand folded onto itself. It can 
be found in diverse forms, a prefix is used to 

discriminate the different types, e.g., mRNA 
(messenger), rRNA (ribosomal), tRNA (trans-
fer), aRNA (antisense), ncRNA (noncoding), 
etc.

ROCK Rho-associated coiled-coil kinase, also 
known as Rho-associated coiled-coil contain-
ing protein kinase 1, encoded by the ROCK1 
gene on chromosome band 18q11.1, belongs 
to a family of serine–threonine specific pro-
tein kinases involved in regulating the shape 
and movement of cells by acting on the cyto-
skeleton. It is a downstream effector of the 
small GTPase RhoA.

RYONCIL Brand name for the first stem cell 
therapy approved in Canada, rememstemcel-L 
for acute graft versus host disease. Originally 
branded Prochymal, the name was changed 
to Ryoncil after transfer of ownership to the 
Australia-based company Mesoblast Limited 
in 2013.

S100A S100 calcium-binding protein A, 
encoded by a family of genes whose symbols 
use the S100A prefix – the S100A1 gene is on 
human chromosome band 1q21.3. Member of 
a family of at least 21 low molecular-weight 
proteins characterized by two calcium-binding 
sites that have helix-loop-helix (“EF-hand- 
type”) motifs. Intracellular functions involve 
interaction with intracellular receptors, mem-
brane protein recruitment and transportation, 
transcriptional regulation and integration with 
enzymes or nucleic acids, as well as DNA 
repair.

S100B S100 calcium-binding protein B, 
encoded by the S100B gene on human chro-
mosome band 21q22.3. A protein of the S-100 
protein family, localized in the cytoplasm and 
nucleus of most but not all astrocytes, that 
acts as a neurotrophic factor and neuronal sur-
vival protein involved in a number of cellular 
processes including axonal proliferation and 
differentiation.

SAW Surface Acoustic Wave. An acoustic 
wave travelling along the surface of a mate-
rial that has elasticity, with an amplitude that 
typically decays exponentially with depth into 
the material. Sensors take advantage of the 
fact that sonic acoustic waves excited by an 
electrical signal at the resonance frequency 
can propagate mechanical vibrations under 
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piezoelectric solid surfaces. Changes in SAW 
velocity can correlate to changes in surface 
temperature, with high sensitivity to changes 
in mass loading.

sCTMP Somatic cell therapy medicinal prod-
ucts contain cells or tissues that have been 
manipulated to change their biological char-
acteristics, or represent cells not intended 
for the same essential function in the body,  
but repurposed for prevention, diagnosis,  
and/or treatment of diseases due to their phar-
macological, immunological, or metabolic 
actions.

sFRP-1 secreted Frizzled-Related Protein 1. A 
protein encoded by the SFRP1 gene on chro-
mosome band 8p11.21. A member of the SFRP 
family containing a cysteine-rich domain 
homologous to the putative Wnt-binding site 
of Frizzled proteins. SFRP proteins can bind 
Wnt proteins and Fz receptors in the extracel-
lular compartment, thereby acting as a soluble 
modulator of Wnt signaling.

SLRP Small leucine-rich proteoglycans. Non- 
collagenous proteins that constitute the major 
bone glycoproteins. SLRPs include decorin, 
the major SLRP produced by osteoblasts, big-
lycan, osteoadherin, lumican, fibromodulin, 
and mimecan.

sox2 Sex determining region Y-box 2, a mem-
ber of the Sox family of transcription fac-
tors encoded by the SOX2 gene on human 
chromosome band 3q26.33. It is essential 
for maintaining self-renewal of undifferenti-
ated embryonic stem cells. Sox2 binds DNA 
cooperatively with Oct4 at non-palindromic 
sequences to activate transcription of key plu-
ripotency factors.

SSC Skeletal stem cells. Tissue-resident self- 
renewing and multipotent cells that con-
tinuously provide chondrocytes, bone cells, 
marrow adipocytes, and stromal cells for the 
development and continuous homeostasis of 
the skeletal system.

STARS Strengthening Training of Academia 
in Regulatory Science. An EU initiative to 
reach out to medical innovators in academia to 
bridge the regulatory knowledge gap, enhanc-
ing knowledge that facilitates the implementa-
tion of academic research findings in clinical 
practice.

STC2 Stanniocalcin 2. A protein encoded by 
the STC2 gene located on human chromosome 
band 5q35.1. Also known as hypocalcin, tele-
ocalcin, or parathyrin, it belongs to a family of 
proteins that regulate calcium and phosphate 
balance in the body. A homodimer glycopro-
tein expressed in a broad spectrum of tumor 
cells and tumor tissues that is significantly 
stimulated under various stress conditions, 
including hypoxia and nutrient deprivation 
and correlates with tumor growth, invasion, 
and metastasis.

STR Short tandem repeat. A pattern in DNA 
sequence where two or more nucleotides 
are repeated and the repeated sequences are 
directly adjacent to each other in a head-to- 
tail manner. They are generally present in non-
coding DNA yet can serve as markers to trace 
inheritance in families.

SU-8 Structured by UV-8. A commonly used 
epoxy-based negative photoresist whereby 
the parts exposed to UV become cross-linked 
while the remainder of the film remains 
soluble and can be washed away during 
manufacturer.

T cell A type of white blood cell originating 
from hematopoietic stem cells in the bone 
marrow that then migrates to the thymus gland 
to mature to several distinct types of T cells 
that have important roles in orchestrating the 
immune response.

T7E1 T7 Endonuclease 1. A structure-selective 
T7 phage-derived enzyme that catalyzes the 
cleavage of most but not all types of DNA 
mismatch and non-β DNA structures, leading 
to deformities in heteroduplex DNA.  Useful 
for assessment of genome editing and muta-
tion detection.

TAGLN Transgelin. A protein encoded by the 
TAGLN gene found on human chromosome 
band 11q23.3. An actin cross-linking/gelling 
protein found in fibroblast and smooth muscle 
cells sensitive to cell shape changes.

TALEN Transcription activator-like effector 
nucleases represent restriction enzymes that 
can be engineered to cut specific sequences 
of DNA. Made by fusing TAL effector DNA 
binding domain, that can be engineered to 
bind a DNA sequence of choice, with a DNA 
nuclease that cuts DNA strands. TALEN 
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restriction enzymes can thus be introduced 
into cells for use in gene editing or genome 
editing in situ, making it a versatile gene edit-
ing tool in addition to zinc finger nucleases 
and CRISPR/Cas9.

TAM Tyro-3, Axl, and Mer family of recep-
tor tyrosine kinases. Three homologous type 
I receptor tyrosine kinases that are activated 
by endogenous ligands protein S and growth 
arrest specific gene 6. They have key roles in 
the resolution of inflammation and restoration 
of homeostasis.

TAZ Transcriptional coactivator with PDZ 
binding motif. A protein known to bind a vari-
ety of transcription factors as a transcriptional 
coactivator (no effect on transcription alone) to 
control cell differentiation and organ develop-
ment. Encoded by the WWTR1 gene on chro-
mosome band 3q25.1.N.B.: Disambiguation, 
the gene symbol TAZ is used for the gene 
encoding the unrelated protein Tafazzin.

TECARTUS The brand name for 
Brexucabtagene autoleucel, a cell-based ther-
apy medication for the treatment of mantle cell 
lymphoma and acute lymphoblastic leukemia.

TEMCELL HS Inj. Brand product name for 
mesenchymal stem cell derived from human 
bone marrow by JCR Pharmaceuticals Co., 
Ltd. The first allogeneic cell therapy to be 
fully approved in Japan.

TEP Tissue engineered product. A medicine 
containing engineered cells or tissues, aim-
ing to regenerate, repair, or replace a human 
tissue.

Terc Telomerase RNA component. A long non-
coding RNA found in eukaryotes, which is 
a component of the ribonucleoprotein poly-
merase telomerase. The core domain of Terc 
contains the RNA template from which telom-
erase synthesizes the nucleotide sequence 
TTAGGG constituting the telomeric repeats.

TGF-β1 Transforming growth factor beta 1, a 
secreted protein, member of a family of potent 
cytokines influencing many functions includ-
ing cell growth, proliferation, differentiation, 
and apoptosis. First identified as a protein of 
25  kDa in human platelets with a potential 
role in wound healing, it also plays an impor-
tant role in controlling the immune system, 
and most immune cells secrete TGF-β1.

Th1 T helper cell type 1. Can be triggered to 
release cytokines that increase cell-mediated 
response, primarily by macrophages and cyto-
toxic T cells.

Th17 T helper cell type 17. A subset of pro- 
inflammatory T helper cells defined by pro-
duction of interleukin 17.

TIL Tumor infiltrating lymphocytes. White 
blood cells, both T and B cells, that have left the 
bloodstream and migrated toward a tumor to 
become a component of the tumor- infiltrating 
immune cells, which also includes mononu-
clear and polymorphonuclear immune cells.

TNFR1 Tumor Necrosis Factor Receptor 1, also 
known as CD120a, encoded by the TNFR1 
gene on chromosome band 12p13. A member 
of the tumor necrosis factor receptor super-
family, one of the major receptors for tumor 
necrosis factor alpha that can subsequently 
activate the transcription factor NF-κB, medi-
ate apoptosis, and regulate inflammation.

TNFα Tumor necrosis factor alpha, also known 
as cachexin or cachetin, encoded by the TNF 
gene on human chromosome band 6p21.33. 
An adipokine and cytokine associated with 
insulin resistance and immune system cell 
signaling.

TNRF1 Tumor necrosis factor receptor 1, 
member of a TNF receptor superfamily of 
proteins, specifically member 1A encoded 
by the TNRSF1A gene on human chromo-
some band 12p13.31. Ubiquitously found in 
many cell types, one of the major receptors for 
tumor necrosis factor-alpha, functioning as a 
regulator of inflammation.

TPP Target product profile. A planning tool for 
therapeutic candidates based on FDA guide-
lines with considerations regarding primary 
product indication, patient population, treat-
ment duration, delivery mode, dosage form, 
regimen, efficacy, risk/side effect, and thera-
peutic modality.

TSG-6 Tumor necrosis factor-stimulated gene 
6 protein, also known as TNF-alpha-induced 
protein 6, a 30 kDa secreted protein encoded 
by the TNFAIP6 gene on chromosome band 
2q23.3. It contains a hyaluronan-binding 
domain involved in extracellular matrix stabil-
ity and cell migration with tissue protective 
and anti-inflammatory properties.
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TYRO3 TYRO3 protein tyrosine kinase. An 
enzyme that in humans is encoded by the 
TYRO3 gene located on chromosome band 
15q15.1. Part of a 3-member transmembrane 
receptor tyrosine kinase that can bind several 
ligands, including GAS6 (growth arrest spe-
cific 6) and PIK3R1 (phosphatidylinositol 
3-kinase regulatory subunit alpha), regulating 
many physiological processes including cell 
survival, migration, and differentiation.

UK NEQAS UK National External Quality 
Assessment Scheme. Aims to improve patient 
care by independently monitoring the quality 
and reporting of tests on a not-for-profit basis, 
promoting comparable, safe, and clinically 
useful tests.

US United States of America
VCN Vector copy number. A critical parameter 

that measures the genetic dose of a transgene 
in gene-modified cells. A widely adopted 
assay in the development and testing of gene 
therapy products that combined with the num-
ber of gene-modified cells helps determine the 
dose of the medicinal product.

VEGF Vascular endothelial growth factor. A 
family of signal proteins, a principal form 
encoded by the VEGFA gene on human chro-
mosome band 6p21.1. A glycosylated mitogen 
that is synthesized by many cell types acting 
prominently on vascular endothelial cells to 
stimulate blood vessel formation.

VIP Viability, identity, and potency. Together 
these constitute very important parameters for 
ATMP development.

VITAL ASSAY Assay of specific cytotoxicity. A 
fluorescent-based assay that can be used to assess 
the cytotoxic activity of cytotoxic T lymphocytes 
and Natural Killer T cells with an invariant T-cell 
receptor in vitro and in vivo. Direct assessment 
of cytotoxicity in vivo may be achieved by mon-
itoring survival of injected fluorescent targets 
relative to a differently labeled internal control 
population without specific antigen.

VLP Virus-like particle. Molecules that mimic 
viruses but are not infectious.

VLU Venous leg ulcer. Wounds thought to 
occur through improper functioning of venous 
valves. They develop mostly along the medial 
distal leg and can be painful chronic wounds 
that negatively affect the quality of life.

VST Virus-specific T lymphocytes. The 
key component of an immunotherapeutic 
approach to viral disorders involving adoptive 
transfer of VST that rapidly reconstitute anti-
viral immunity post-transplantation, with low 
rates of adverse events, without causing graft- 
versus- host disease.

WHO World Health Organization. Created in 
1948 by Member States of the United Nations. 
The directing and coordinating authority for 
health within the United Nations.

Wnt Wingless-related integration site. A port-
manteau acronym from the words Wingless 
and Int-1 (integration 1), a proto-oncogene 
that is highly conserved in humans and 
Drosophila. The int-1 protein encoded by the 
INTS1 (integrator complex subunit 1) gene 
on human chromosome band 7p22.3, cor-
responds to a Drosophila gene homologue 
known as Wingless, a segment polarity gene 
involved in the formation of the body axis 
during embryonic development. Wnt signal-
ing represents one of most important develop-
mental pathways controlling cell fate choices 
and tissue patterning during early embryonic 
phases and in later development.

WNT/A Wingless-type MMTV integration 
site family, member A, also known as Wnt1, 
encoded by the WNT1 gene on human chromo-
some band 11q13.2. Member of a large family 
of structurally related and highly conserved 
Wnt growth factors secreted as palmitoylated 
glycoproteins that can bind membrane receptor 
complexes composed of a frizzled G-protein 
coupled receptor and a low-density lipoprotein 
receptor-related protein. They activate distinct 
intracellular cascades, often referred to as 
canonical (β-catenin dependent) or noncanoni-
cal (β-catenin independent) pathways.

YAP Yes Associated Protein, discovered from 
an ability to interact with the SH3 domain of 
Yes and Src protein tyrosine kinases, encoded 
by the YAP1 gene on human chromosome 
band 11q22.1. It functions as a transcriptional 
regulator that can act as both a coactivator 
and a corepressor, the critical downstream 
regulatory target in the Hippo signaling path-
way playing a key role in organ size control 
by restricting proliferation and promoting 
apoptosis.
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YESCARTA A prescription medicine used in 
the treatment of two types of non-Hodgkin 
lymphoma, large B-cell lymphoma, or follicu-
lar lymphoma when other forms of treatment 
have failed to control the cancer.

Zolgensma A prescription gene therapy in a 
one-time injectable form used to treat children 
less than 2  years old with spinal muscular 
atrophy.

γδ T-cells Gamma delta T-cells bearing this 
form of T-cell receptor on their surface are 
less common than T cells with alpha beta T 
cell receptors, but are found predominantly in 
the gut mucosa, within intraepithelial lympho-
cytes and are likely to have a prominent role in 
recognition of lipid antigens.

μPCR Micro Polymerase Chain Reaction. A 
technique for amplifying small amounts of 
DNA using the polymerase chain reaction. 

Advantages include the possibility of ampli-
fying small limited-size samples, less time to 
complete the reaction, reduced reagent costs 
and integration with lab-on-chip devices so 
that assays may be performed at the point of 
care.

μTAS Micro Total Analysis System. Devices 
that automate and include all the necessary 
steps for a chemical analysis of a sample, suit-
able for fluid processing in a microchannel 
structure with microliter volumes of test sam-
ple. Unique microstructure properties allow 
miniaturized fluidic lab-on-a-chip systems 
to consume negligible amounts of sample, 
reduce process costs, and provide fast analy-
sis times. Nonetheless, detection of analytes 
at trace levels is a constrain requiring precon-
centration strategies.
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