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1. Introduction

New treatments at the forefront of personalized medicine are distinguishable from other

treatments by some huge advantages over standard medicinal products. Cell and gene

therapy, for example, act through multiple sophisticated biological mechanisms to replenish

tissue, repair damages, and restore the microenvironment. This is possible through specific

physiologic autocrine and paracrine functions, sometimes producing immunomodulation

or stable integration of cells or correction of the genetic disorder, with the ability to sustain

continuous therapeutic effects. Successful examples include (i) gene therapy to treat adults

and children with loss of vision due to inherited retinal dystrophy by in vivo administration

of adeno-associated viral vector (AAV) (1); (ii) gene therapy for adenosine deaminase (ADA)

deficiency, whereby the lives of immunodepressed “bubble-children” can be saved via the

permanent restoration of the missing enzymatic function (2); (iii) tissue engineering of the

ocular surface, with the restoration of functional stem cells in limbal stem cell deficiency

(LSCD) related blindness (3); (iv) the early stage therapy of epidermolysis bullosa in which

the genetically modified epidermis can maintain the adhesion and functions of the patient’s

skin (4); (v) the use of embryonic stem cells to treat blindness due to macular degeneration

(5); and (vi) chimeric antigen receptor (CAR)-T cells promising therapeutic approaches for

treatment of pediatric and young adult refractory hematologic B-cell malignancies as well as

adult relapsed or refractory large B-cell lymphomas (6). Regarding the CAR-T cell therapies,

after the first two products approved in 2017 (i.e., Kymriah R© and Yescarta R©) we reached a

number of six CAR-T cells released in USA and European Union (EU) up to 2022 (7).

In the EU, these therapies are referred to as Advanced Therapy Medicinal Products

(ATMPs), and they are currently regulated by the European Medicines Agency (EMA)

as standard medicinal products (8). The need for pharmaceutical rules emerged from the

awareness that new biologic therapies had been and were being developed for human

treatment, some of which had already been used in the clinical setting for 10 years before the

implementation of the regulations in 2007. These included tissue engineering of the ocular

surface and gene therapy for ADA deficiency.

ATMPs comprise one of the most complex organizational and regulatory sectors that

currently exist in clinical research. They are composed of living cells being or not genetically

modified in contrast to stable chemical compounds and are distinguished by their variability

in human donor genotypes with or without genetic modification. Because of this complexity,

many ATMPs are lost in the so-called “valley of death” of translation from the laboratory

bench to the bedside (9). An example is the California Institute of Regenerative Medicine,

which up to 2019, spent more than 3 billion US dollars on research in stem cells, achieving

only one clinical application. This clearly shows how difficult it is to efficiently translate

research to patients when this is done with the highest research standards (10).
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Fortunately, despite the hardship encountered, there are also

successful examples. One of several cases is Holoclar
R©
, the

ATMP used for a form of blindness called LSCD, which is

the transplantation of autologous cultured limbal stem cells.

This technology was first published in 1997 (3), and before EU

regulatory enforcement [Regulation (EC) No. 1394/2007], it had

already been applied to 219 patients, guiding the translational

process (11, 12).

It is worth noting that the shift from this first successful clinical

application toward full compliance with the European GMPs (good

manufacturing practices) regulation could not be easy, and any

newly introduced difference could increase the variability of the

whole process and decrease therapy standardization, as occurs

for other products (9). Such changes might include, for example,

the replacing of research reagents used in the development with

clinical-grade ones and the introduction of specification limits for

any manufacturing parameter or equipment.

2. The landscapes for new ATMP
development

Generally, scientists feel overwhelmed by the endless regulatory

obligations, resulting in three types of translation scenarios (13):

(i) Scientists try to translate ATMPs into clinical practice using a

do-it-yourself approach based on good scientific foundations but

insufficient regulatory knowledge (Academy developing ATMPs);

(ii) Scientists rely on big pharmaceutical companies, which

have strong expertise in regulation but insufficient knowledge

on the biology of specific cells, crucial for the development

of the related ATMP (Companies acquiring ATMP licenses);

and (iii) Scientists develop such therapies outside the regulated

environment (Unproven therapies).

2.1. Academy developing ATMPs

The first described scenario occurs when the original

technology (3) is progressively modified to meet regulatory

standards. This implies a costly, reiterative process as some changes

result in different technological robustness, or efficacy, with the risk

of product rejection. Overall, difficulties can be:

• Inconsistencies between regulatory authorities’ advice and

biological mechanism of the ATMPs: the biggest challenge is to

preserve the drug activity (i.e., potency of the product) while

scaling up the manufacturing process and implementing the

newly requested validations. Several significant modifications

of rawmaterials, manufacturing methods, and controls should

be introduced and personnel specifically trained (11, 14).

• Changes in clinical protocols to generate regulatory grade

clinical data: regulatory authorities ask for protocol

modifications without deep knowledge of the biology of

the specific system. Indeed, not all approaches are suitable

for different treatments, i.e., “one size does not fit all”;

therefore, diverse solutions are needed for many regenerative

medicine procedures.

• Safety considerations and safety monitoring: some required

safety-related changes can rather result in reduced safety or

efficacy of the ATMP. For example, the removal of serum

or feeder layer in Holoclar
R©

ATMP result in a dramatic

decrease in the percentage of the desired stem cells, which

entails alternative approaches to guarantee the safety and

efficacy of the process. Indeed, previous findings highlighted

that epithelial cultures are optimized to contain a physiologic

number of stem cells needed to restore the original physiology

of a patient’s tissue (15, 16). In-depth investigations of

the impact of requested modifications under the selected

conditions are always needed.

Previous experiences on the expansion of keratinocytes for the

treatment of massive life-threatening full-thickness skin burns (17)

revealed that the control of the different variables was instrumental

in the timely treatment of patients to keep them alive. The previous

practices are very helpful in offering creative solutions to meet

some standardizations while maintaining the flexibility needed to

manage living cells and tissues.

The related difficulties in complying with European GMP

regulations regarding manufacturing, controls, and clinical

application can complicate planning, increase costs, and result in a

low recovery of investments with a consequent decrease in investor

confidence. Moreover, the reiterative “do-and-redo” process

related to regulatory issues and the unrealistic timing and costs for

approval also conflicts with the urgency of patient expectations.

2.2. Companies acquiring ATMP licenses

The second scenario can occur when different professionals

from pharmaceutical companies are involved in the regulatory

compliance, clinical planning, and finalization of the ATMP

project. Their involvement give rise to more standardized

regulatory planning, but they often have limited knowledge of the

impact of variations in the specific manufacturing process and

clinical treatment.

This condition also slows down the preclinical and clinical

programs since such studies should be customized around

the product-specific features. This scenario was described for

several products (18), whereby the records of the manufacturing

facility experiences were inconsistent with the clinical design,

chemical manufacturing and control (CMC) characterization, and

preclinical studies due to fragmentation of the expertise in the

different areas.

2.3. Unproven therapies

The common denominators in both the first and second

scenarios are a lack of knowledge and an inconsistency between

the required areas of competencies. However, while struggling

with the regulations and maintenance of drug activity, some

authors also faced the third scenario. Despite the regulatory

rules concerning ATMPs being well established and considered

to be relatively strict, their implementation differs among EU
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member states. Additionally, the lack of sufficient regulations in

certain EU countries creates a danger of intra-European “stem

cell tourism” (19, 20). Unfortunately, despite clear lessons from

different countries, some regulatory authorities and regulators are,

in fact, tolerant of unorthodox offers of non-certified therapies

proposed as minimal manipulations (21). In addition, many clinics

worldwide administer unproven stem cell therapies to patients with

devastating diseases, often in the absence of any scientific rationale

(22). This was highlighted in the recent years when the COVID-19

pandemic has increased the proposal of self-proclaimed treatments

including more appealing stem cells-like based approaches (23, 24).

Indeed, the advertisement of commercial entities of unproven

therapies on their websites is especially cheeky. For the non-

specialist public it is complex to realize that those are not justified

cures as companies offering such treatments use several solid

appearing arguments. However, and unbeknown to the public,

these arguments are derived from other then a scientific and

medical point of view (25, 26). In addition, simple registration of

a clinical trial at the www.clinicaltrials.gov website is considered

the equivalent of proof of therapy, with some companies using

this website as a means of advertisement (27). Meanwhile, the

trials listed on this website are not verified before posting, and

numerous clinicians should recognize this uncertainty. Also, some

treatments, defined as therapeutic alternatives, have been applied

to different patient selections or disease severity, devoid of any

in-process controls.

2.4. Demonstrating the safety and e�cacy
of ATMPs

Although complex, the “valley” between stem cell science and

therapies is certainly bridgeable. The problems and divergences

discussed above apparently emerged along with the enforcement

of regulations and had an impact on industrialization. Obviously,

the regulations were and are aimed at verifying the safety of

procedures before human application; indeed, many ATMPs are

composed of living cells, and they can thus be inherently risky

due to the requirement of cell stimulation and characterization.

However, safety is not sufficient as a parameter for their

approval: the efficacy represents a crucial aspect because invasive

procedures are often required for ATMPs application. Hence,

the formal, unambiguous demonstration of their efficacy is

mandatory before any registration or formal authorization. For

instance, commercial clinics offer unproven adult “stem” cell

“therapies” claimed to exhibit unique stem cell properties and

exert numerous types of therapeutic activities. Interestingly, even

advertisements frequently do not stress the direct regenerative

properties of such cells. For example, experimental and clinical

trials demonstrated that injection of “mesenchymal stem cells”

(MSC)—often improperly considered universal stem cells—

resulted in minimal engraftment (28–30). That’s why the salvage

concept of the paracrine effect became particularly popular [for

review, see Langrzyk et al., (31)]. However, any cell can exert the

paracrine effect; this does not automatically mean that any cell

can be considered a curative stem cell—if their mechanisms of

action are not linked to regeneration processes—and that they

can exert therapeutic effects. This scenario can worsen when

the patients are charged with these unproven therapies, also

creating the risk of generating false-positive data. Indeed, when

patients are required to pay for therapy and its effectiveness is

assessed in an observational way using subjective criteria, the

risk of creating a placebo effect and reporting false positive

outcomes increases.

Finally, and most importantly, the serious side effects

arising from those unjustified therapies may bring fear and

resistance against stem cell therapies in the general public,

thus preventing the development of rational approaches

based on therapeutic stem cells and/or cells differentiated

from them.

Reasonably, more focus is needed on cross-education of

biotechnologists/scientists and regulators to improve safety,

efficacy and to maintain the risk/benefit balance properly.

3. Education can bridge the gap
between stem cell science and
therapies

3.1. To become professional

In many fields, particularly in high-quality technologies,

the starting point of any good practice is the professionalism

(i.e., proficiency) of the personnel setting up the process.

Professionalism is founded on accurate training and experience

on a specific topic, as required in GMP rules. It seems

obvious, for example, to hire an expert heart-surgeon to

perform cardiac surgery; however, professional education

for the development and production of ATMPs has never

been properly formalized. This path requires experts to have

comprehensive knowledge in at least two fields: the biology of

specific tissues and the understanding of regulatory rules for

selecting appropriate manufacturing and control conditions. In

the progression of ATMP development, a deep understanding of

the pathology to be treated and the related surgical approaches

becomes mandatory.

The first gene and cell therapies approval experiences

highlighted that a new generation of biotechnologists is

needed and that their training, to become expert professionals

in this field, would involve an understanding of regulators’

language. This would help the communication and interaction

with regulatory authorities in routine practice. Finally,

early collaboration with physicians and surgeons enable a

fluent and consistent translation from the preclinical to

the clinical application of the ATMP. In some Institutions,

this training is now initiated from the University education

to convey the planning of ATMP development from

multiple perspectives.

3.2. Regulatory biology co-education

Regulatory education was included to encourage

professionalization during the progression of ATMP, to limit
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the time and costs involved in therapy development, as well

as to identify problems early on. This step, which should

be propaedeutic to any therapy planning (9), instilled an

appropriate understanding and knowledgebase for the selection

of safe culture conditions, raw materials, scaffolds/carriers,

gene correction and validation methods. It is useful to

include not only theoretical instruction, but also practical

training exercises held under real conditions in GMP facilities,

including all professionals involved in translational work. More

importantly, this knowledge enabled an appropriate dialogue

between specialists and regulators for concerted efforts to find

congruous solutions regarding safety and process robustness.

In the Universities, the presence of Regulatory Offices could

support this dialogue since the first steps of the academic

ATMP development.

Finally, the ATMP planning phase should include a productive

early dialogue between scientists and statisticians to interpret

findings from trials correctly. For instance, a Statistical

Analysis Plan (SAP) could be designed and tailored to the

specific ATMP.

3.3. Early biological-medical interaction

The interaction and reciprocal understanding of scientists and

medical doctors are imperative and can trigger bidirectional

learning. Biological research disconnected from clinical

realities can convert optimal basic science into inefficient

clinical results.

The first goal of ATMP developments is the identification

of the medical need. The selection of appropriate medical

needs is a critical requirement for establishing the importance

of research and achieving its aims. Certainly, the development

of complex and expensive therapies is justified only when

standard therapies have defined limitations, are unavailable, or

are associated with adverse events, low success rates, or high

recurrence rates. Therefore, only in these conditions a certain

amount of time, risk, or uncertainty can be taken to solve a

clinically relevant need. Financial investments are offered when

a real prospect of success-related reimbursement exists once the

therapy is approved.

In our experience on the development of the first EU

approved stem cell-based product, the early biotechnologist-

surgeon interaction facilitated the understanding of the therapy for

coordinated efforts to support an appropriate product definition.

This involved the identification of conditions for in vivo integration

in the specific pathologic microenvironment and then the

associated drug selection, type of surgery, and outcome definition

at specific time points of follow-up. Moreover, this interaction is

instrumental in the definition of an accurate patient selection by

use of biological markers and the development of new methods by

sharing knowledge, as also highlighted by Deng et al. (32).

From a commercial point of view, surgeons are considered to be

clients; however, above all, they are suppliers of the startingmaterial

for the whole process. This implies that regulatory authorities

request for them official quality training on clinical procedures,

from biopsy to follow-up. Such training can reduce the variability

between surgeons, physicians, and nurses engaged in all steps of the

clinical trials and later in the widespread application of the therapy.

3.4. The importance of long-term
follow-ups and dissemination

The collection of any ATMP data is critical to reduce

the rate of failure or late adverse events and is of utmost

importance for scientific, regulatory, ethical, and business reasons.

This holds true for several successful examples of advanced

therapies (2, 16).

In our experience, after the clinical application, scientists and

clinicians periodically share their observations and analyze the

follow-up data over a very long term. This practice frequently

improves the understanding of the real mechanisms of action of

the ATMP since human physiology and molecular peculiarity can

produce significantly different results from those of the animal

models. Adverse events provide useful information and should

be carefully taken into account. For example, some documented

failures when analyzed enable the selection of appropriate

specification limits for the potency marker of the therapy (as TP63

protein in Holoclar
R©
) with the definition of the minimal amount

of required stem cells for a successful corneal lifelong renewal

(16, 33).

Continued patient observation can be costly in terms

of time and resources but can have unanticipated, positive

regulatory, and business benefits. Aside from decisions

regarding the continuation or cessation of the therapy,

possibly driven by perceived side effects and benefits,

the evaluation of the recovered quality of life can have

an impact on the regulatory approval of the product and

reimbursement of the therapy. This approach, and the shared

experience with worldwide experts, have also supported new

classifications and grading of pathologies by defining patient

subtypes. This resulted in an update of the selection criteria,

medical knowledge, business aspects, and approval of the

product (22).

The huge amount of data collected during development,

clinical application and follow-ups of the ATMPs

could be easily and smartly stored in a proper online

register. This could serve as a useful database to be

readily analyzed by big data experts in order to infer

peculiar information.

Finally, sharing knowledge, including negative results, can

avoid the reiteration of errors by different research groups, the

waste of public and private money, as well as patient suffering

associated with the loss of confidence.

3.5. What did we learn from our
experience?

The evolution of this field and the multiplicity of approaches

for the development of new therapies require regulatory tailoring

of the new technologies. On this basis, negotiation and dialogue

with competent authorities are only feasible and efficient after
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FIGURE 1

Schematic representation of the milestones needed to bridge the gap between the huge number of preclinical studies based on solid scientific

evidence and the very limited number of Advanced Therapy Medicinal Products currently available for the patient’s care. The figure highlights the

building blocks for the education of a new category of professionals that can boost an e�cient translation from bench to bedside, overcoming the

so called “Valley of death”.

a common language is developed through the multidisciplinary

education of professionals. Students’ qualification and practical

experience in the new background are critical to ensuring the

quality and continuity of these projects. The staff becomes

able to develop their visions, mindful of the experiences of

other groups, with an increased capacity for the optimization

of manufacturing processes, which is also associated with

opportunities for professional development. Finally, prior

knowledge and the effect of on-the-job training reduce the

risk of GMP burnout during or after the training, saving time

and resources.

4. Conclusions

Regenerative medicine represents one of the most

promising hi-tech industrial areas of the future and has

relevant growth potential in the medium- to long-term.

Important results have been achieved in recent years (34),

but much more can still be done to transform this activity

into a substantial engine for European economic growth and

competitiveness (35).

The intention to bridge the gap between basic stem cell

science and therapies is complicated by the wide interpretation

of translation, as well as the need for multidisciplinary teams and

training. The past experiences revealed that the biggest issues arose

after non-tailored pharmaceutical regulatory rule implementation,

despite the need for rules to ensure the safety of therapies for

the public (36). This improvement was not firstly followed by

the appropriate education of professionals to build skilled and

multidisciplinary teams with the ability to collaborate for the

development of a complex medicinal product and bring it to

approval as an available therapy (Figure 1).

The appropriate management of the translation phase was

critical for the authors, as failures can not only lead to

the development of an ineffective product but may also kill

promising therapies.

Patient organizations also play a very important role in

ensuring continuous feedback and communication among

the different stakeholders, which in turn are instrumental

for success.

Indeed, we believe that marketing authorization is not the

final goal for successful advanced therapy. A therapy, once

established and certified, should be available and regularly

applied to patients who need it to be publicly valuable. In

the last years, we are witnessing the withdrawal from the

market of many ATMPs that were not profitable enough for

the companies selling them (37–39). These therapies—associated

with high production costs—aim to treat rare diseases with a

limited number of patients who can be treated worldwide. This

scenario leads to a paradoxical situation in which, although

highly personalized and advanced therapies are known to cure

devastating diseases, they are unavailable to patients who cannot

benefit from them. The companies are free to decide their

policies; however, after the repeated lack of consideration for the

suffering of patients and their relatives associated with decades of

research and public funding efforts to achieve reliable treatments,

the politics and governments should follow up the previous

investments with new approaches aiming to the long-term benefits

for the public healthcare and, above all, for the welfare of

the sufferers.

In conclusion, this paper, inspired by some past experiences,

highlights the importance of comprehensive early education

and cross-talking of all professionals involved in the ATMPs

translational process, learning from the path that brought some

ATMPs to be authorized for the market, highlighting the

educational process.

Frontiers inMedicine 05 frontiersin.org

https://doi.org/10.3389/fmed.2023.1125892
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Adamo et al. 10.3389/fmed.2023.1125892

Author contributions

Conceptualization, writing—original draft preparation,

supervision, and funding: GP. Resources: DA and EA. Writing—

draft: DA, EA, and GP. All authors have read and agreed to the

published version of the manuscript.

Funding

This work was funded by the Awards Lombardia è Ricerca

2018 and Louis Jeantet Award 2020, by Holostem Terapie Avanzate

s.r.l., by Regione Emilia-Romagna (area 1b, medicina rigenerativa),

POR-FESR 2007-13-Tecnopolo, and PNRR.

Acknowledgments

The authors would like to thank Sara Adamo for her precious

contribution to the Figure 1.

Conflict of interest

GP is member of the Board of Directors and R&D Director of

Holostem Terapie Avanzate s.r.l.

The remaining authors declare that the research was

conducted in the absence of any commercial or financial

relationships that could be construed as a potential conflict

of interest.

Publisher’s note

All claims expressed in this article are solely those

of the authors and do not necessarily represent those of

their affiliated organizations, or those of the publisher,

the editors and the reviewers. Any product that may be

evaluated in this article, or claim that may be made by

its manufacturer, is not guaranteed or endorsed by the

publisher.

References

1. Prado DA, Acosta-AceroM,Maldonado RS. Gene therapy beyond luxturna: a new
horizon of the treatment for inherited retinal disease. Curr Opin Ophthalmol. (2020)
31:147–54. doi: 10.1097/ICU.0000000000000660

2. Aiuti A, Cattaneo F, Galimberti S, Benninghoff U, Cassani B, Callegaro L, et al.
Gene therapy for immunodeficiency due to adenosine deaminase deficiency. N Engl J
Med. (2009) 360:447–58. doi: 10.1056/NEJMoa0805817

3. Pellegrini G, Traverso CE, Franzi AT, Zingirian M, Cancedda R, De Luca M.
Long-term restoration of damaged corneal surfaces with autologous cultivated corneal
epithelium. Lancet. (1997) 349:990–3. doi: 10.1016/S0140-6736(96)11188-0

4. Hirsch T, Rothoeft T, Teig N, Bauer JW, Pellegrini G, De Rosa L, et al.
Regeneration of the entire human epidermis using transgenic stem cells.Nature. (2017)
551:327–32. doi: 10.1038/nature24487

5. Da Cruz L, Fynes K, Georgiadis O, Kerby J, Luo YH, Ahmado A,
et al. Phase 1 clinical study of an embryonic stem cell-derived retinal pigment
epithelium patch in age-related macular degeneration. Nat Biotechnol. (2018) 36:328–
37. doi: 10.1038/nbt.4114

6. Seimetz D, Heller K, Richter J. Approval of first CAR-Ts: have we solved all
hurdles for ATMPs? Cell Med. (2019) 11:215517901882278. doi: 10.1177/21551790188
22781

7. Adami A, Maher J. An overview of CAR T-cell clinical trial activity to 2021.
Immunother Adv. (2021) 1:1–3. doi: 10.1093/immadv/ltab004

8. Advanced therapy medicinal products: Overview|European Medicines Agency.
Available online at: https://www.ema.europa.eu/en/human-regulatory/overview/
advanced-therapy-medicinal-products-overview (accessed June 20, 2022).

9. Attico E, Sceberras V, Pellegrini G. Approaches for effective clinical
application of stem cell transplantation. Curr Transplant Rep. (2018)
5:244–50. doi: 10.1007/s40472-018-0202-0

10. Lambert J. California stem-cell agency’s supporters reveal plan for $5.5-billion
ballot initiative. Nature. (2019). doi: 10.1038/d41586-019-02267-3

11. Pellegrini G, Ardigò D, Milazzo G, Iotti G, Guatelli P, Pelosi D, et al.
Navigating market authorization: the path holoclar took to become the first stem
cell product approved in the European union. Stem Cells Transl Med. (2018) 7:146–
54. doi: 10.1002/sctm.17-0003

12. Rama P, Bonini S, Lambiase A, Golisano O, Paterna P, De Luca M, et al.
Autologous fibrin-cultured limbal stem cells permanently restore the corneal surface
of patients with total limbal stem cell deficiency. Transplantation. (2001) 72:1478–
85. doi: 10.1097/00007890-200111150-00002

13. Daley GQ. Polar extremes in the clinical use of stem cells. N Engl J Med. (2017)
376:1075–7. doi: 10.1056/NEJMe1701379

14. Digiusto DL, Melsop K, Srivastava R, Tran CAT. Proceedings of the first
academic symposium on developing, qualifying and operating a cell and gene therapy
manufacturing facility. Cytotherapy. (2018) 20:1486–94. doi: 10.1016/j.jcyt.2018.07.008

15. De Luca M, Pellegrini G, Green H. Regeneration of squamous epithelia from
stem cells of cultured grafts. Regen Med. (2006) 1:45–57. doi: 10.2217/17460751.1.1.45

16. Rama P, Matuska S, Paganoni G, Spinelli A, De Luca M, Pellegrini G. Limbal
stem-cell therapy and long-term corneal regeneration. N Engl J Med. (2010) 363:147–
55. doi: 10.1056/NEJMoa0905955

17. Pellegrini G, Ranno R, Stracuzzi G, Bondanza S, Guerra L, Zambruno G, et al.
The control of epidermal stem cells (holoclones) in the treatment of massive full-
thickness burns with autologous keratinocytes cultured on fibrin. Transplantation.
(1999) 68:868–79. doi: 10.1097/00007890-199909270-00021

18. Cuende N, Izeta A. Clinical translation of stem cell therapies: a bridgeable gap.
Cell Stem Cell. (2010) 6:508–12. doi: 10.1016/j.stem.2010.05.005

19. Blasimme A, Rial-Sebbag E. Regulation of cell-based therapies in
Europe: current challenges and emerging issues. Stem Cells Dev. (2013)
22:14–9. doi: 10.1089/scd.2013.0352

20. Abbott A. Doubt cast over tiny stem cells. Nature. (2013)
499:390. doi: 10.1038/499390a

21. Lovell-Badge R, Anthony E, Barker RA, Bubela T, Brivanlou AH, Carpenter M,
et al. ISSCR Guidelines for stem cell research and clinical translation: the 2021 update.
Stem Cell Rep. (2021) 16:1398–408. doi: 10.1016/j.stemcr.2021.05.012

22. Turner L, Knoepfler P. Selling stem cells in the USA: assessing the direct-to-
consumer industry. Cell Stem Cell. (2016) 19:154–7. doi: 10.1016/j.stem.2016.06.007

23. Khoury M, Ikonomou L, Dominici M, Leblanc K, Levine BL, Weiss DJ. The
coronavirus pandemic: a pitfall or a fast track for validating cell therapy products? Stem
Cells Dev. (2021) 30:119–27. doi: 10.1089/scd.2020.0122

24. Turner L, Munsie M, Levine AD, Ikonomou L. Ethical issues
and public communication in the development of cell-based treatments
for COVID-19: lessons from the pandemic. Stem Cell Rep. (2021)
16:2567–76. doi: 10.1016/j.stemcr.2021.09.005

25. Srivastava A, Mason C, Wagena E, Cuende N, Weiss DJ, Horwitz EM,
et al. Part 1: defining unproven cellular therapies. Cytotherapy. (2016) 18:117–
9. doi: 10.1016/j.jcyt.2015.11.004

26. Bauer G, Elsallab M, Abou-El-Enein M. Concise review: a comprehensive
analysis of reported adverse events in patients receiving unproven stem cell-based
interventions. Stem Cells Transl Med. (2018) 7:676–85. doi: 10.1002/sctm.17-0282

27. Rubin R. Unproven but profitable: the boom in US stem cell clinics. JAMA.
(2018) 320:1421–3. doi: 10.1001/jama.2018.13861

28. Bianco P, Cao X, Frenette PS, Mao JJ, Robey PG, Simmons PJ, et al. The meaning,
the sense and the significance: translating the science of mesenchymal stem cells into
medicine. Nat Med. (2013) 19:35–42. doi: 10.1038/nm.3028

29. Bianco P, Barker R, Brüstle O, Cattaneo E, Clevers H, Daley GQ, et al. Regulation
of stem cell therapies under attack in Europe: for whom the bell tolls. EMBO J. (2013)
32:1489–95. doi: 10.1038/emboj.2013.114

Frontiers inMedicine 06 frontiersin.org

https://doi.org/10.3389/fmed.2023.1125892
https://doi.org/10.1097/ICU.0000000000000660
https://doi.org/10.1056/NEJMoa0805817
https://doi.org/10.1016/S0140-6736(96)11188-0
https://doi.org/10.1038/nature24487
https://doi.org/10.1038/nbt.4114
https://doi.org/10.1177/2155179018822781
https://doi.org/10.1093/immadv/ltab004
https://www.ema.europa.eu/en/human-regulatory/overview/advanced-therapy-medicinal-products-overview
https://www.ema.europa.eu/en/human-regulatory/overview/advanced-therapy-medicinal-products-overview
https://doi.org/10.1007/s40472-018-0202-0
https://doi.org/10.1038/d41586-019-02267-3
https://doi.org/10.1002/sctm.17-0003
https://doi.org/10.1097/00007890-200111150-00002
https://doi.org/10.1056/NEJMe1701379
https://doi.org/10.1016/j.jcyt.2018.07.008
https://doi.org/10.2217/17460751.1.1.45
https://doi.org/10.1056/NEJMoa0905955
https://doi.org/10.1097/00007890-199909270-00021
https://doi.org/10.1016/j.stem.2010.05.005
https://doi.org/10.1089/scd.2013.0352
https://doi.org/10.1038/499390a
https://doi.org/10.1016/j.stemcr.2021.05.012
https://doi.org/10.1016/j.stem.2016.06.007
https://doi.org/10.1089/scd.2020.0122
https://doi.org/10.1016/j.stemcr.2021.09.005
https://doi.org/10.1016/j.jcyt.2015.11.004
https://doi.org/10.1002/sctm.17-0282
https://doi.org/10.1001/jama.2018.13861
https://doi.org/10.1038/nm.3028
https://doi.org/10.1038/emboj.2013.114
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Adamo et al. 10.3389/fmed.2023.1125892

30. Sipp D, Robey PG, Turner L. Clear up this stem-cell mess. Nature. (2018)
561:455–7. doi: 10.1038/d41586-018-06756-9
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