
 

 

 

 
 
 

HEALING THE FUTURE 
Horizon scanning for emerging technologies and breakthrough innovations  

in the field of cell and gene therapies 

 
HIGHLIGHTS 

 
→ This Horizon Scanning exercise was devel-

oped to support European Innovation 
Council Strategic Intelligence in the field 
of health and biotechnology, with a specific 
focus on cell and gene therapies. 

→ Seven topics were prioritised by workshop 
participants: in vivo gene therapy; microphysio-
logical pre-clinical models; stem cells in 
multiple applications; new tools for advanced 
tissue delivery; in silico & AI; conversion of tu-
mour cells; and emerging genome and 
epigenome-based therapies. 

→ Several contextual factors for the develop-
ment of the health and biotechnology field 
were highlighted across the following domains: 
competitiveness and geopolitics; talent and ex-
pertise; cross-border and cross-sector 
collaboration; funding, economic and market 
conditions; regulatory, safety and ethical chal-
lenges; health and RDI ecosystems; and 
infrastructure and manufacturing. 

→ Horizon Scanning is a qualitative foresight 
method, aiming at the early discovery of devel-
opments not yet on the radar of most experts.  

 

INTRODUCTION 

Project context  

This brief reports on the conclusions of a Horizon 
Scanning exercise developed in the context of 
FUTURINNOV (FUTURe-oriented identification and 

assessment of emerging technologies and 
breakthrough INNOVation), a collaboration between 
the European Commission’s (EC) Joint Research 
Centre (JRC) and the European Innovation Council 
(EIC), the EC’s flagship program for deep tech, 
implemented by the European Innovation Council and 
SMEs Executive Agency (EISMEA).  

 

Technology Foresight Brief 



 

 

FUTURINNOV was designed to support the EIC in 
building strategic intelligence capacity through 
foresight and other anticipatory approaches. It 
supports activities focused on funding targets, 
programme design, policy feedback, and institutional 
governance. 

The outcomes of this exercise may be used to inform 
future funding topics for EIC Challenges and other EC 
calls. They can also provide input for EIC and EC 
reports, as well as supporting other EU policy-making 
initiatives. 

Methodology 

Horizon Scanning is a qualitative foresight method 
which is aimed at the early discovery of 
developments not yet on the radar of most experts, 
decision makers, or the general public, and whose 
potential is not widely recognised. It is not a 
predictive tool, rather it encourages the exploration of 
novelties that offer opportunities and challenges in 
the medium or long-term. [1, 2, 3] 

FUTURINNOV includes a series of thematic Horizon 
Scanning workshops that follow a tailor-made 
approach to this methodology. It uses a participatory 
detection, clustering, and sense-making process for 
signals, trends and contextual factors related to 
emerging technologies and breakthrough innovations. 
Each workshop is dedicated to a specific EIC 
Programme Manager’s portfolio, or a domain deemed 
of interest by the EIC.  

Trends and signals1 are captured through a series of 
participatory exercises preceded by qualitative desk 
research and data and text mining. They originate 
from a diversity of sources, ranging from scientific 
publications, patents and previously funded projects 
to institutional websites, news, online articles, and 
other media.  

During each workshop, through a specific 
methodology composed of several analytical and 
selection steps, participants converge on a priority list 
of topics. The criteria for this selection include 
relevance to the exercise’s scope, potential impact, 
and overall novelty across all technology readiness 
levels. The final topics include technologies and 
innovations, as well as relevant contextual factors for 

 
1 The understanding of what constitutes a signal or a trend may vary [65, 66]. As it is not yet consensual, for the purposes of this pro-

ject both are relevant and understood as tangible manifestations of novelty in science, technology, innovation and other fields. 
They can cover different maturity levels from basic research to commercial readiness. Although often used interchangeably, a sig-
nal is less consolidated than a trend. 

2 For this exercise, a longlist of 205 trends and signals was compiled and assessed by the JRC and the EIC for their relevance to the 
workshop’s scope and objectives. The list was subsequently narrowed down to a shortlist of 73 and shared in advance with partici-
pants. During the workshop, attendees discussed the contents of the shortlist, added new topics considered relevant and previously 
overlooked, grouped and connected related issues, and ultimately converged on a final list of topics, summarised in this report. 

their development and uptake. [2] 

This brief refers to a specific workshop held online on 
15 May 2025 with a focus on cell and gene 
therapies. It was held with a group of selected 
experts from academia, research and technology, 
business, venture capital and policy-making 
organisations. This diversity of institutional 
backgrounds, as well as various fields of specific 
expertise, was key to bringing different perspectives 
to the conversation. The resulting collective 
intelligence helped to build significant insights around 
the topics at hand.2 

Scope and policy context 

Health biotechnology is one of the established 
portfolios within the EIC. For this workshop, cell and 
gene therapies were selected as the main focus, as 
they represent a revolutionary advance in medicine, 
offering the potential to tackle previously untreatable 
diseases by targeting their root causes.  

Considering the maturity of the field, with multiple 
products already authorised for use, this exercise 
focused on breakthroughs along the entire value 
chain that can increase patients’ access to therapies. 
These include therapeutic approaches themselves 
and also preclinical models and manufacturing for 
cell and gene therapies, and developments in 
adapting these therapies for different diseases and 
organs. 

The health biotechnology domain is high on policy 
agendas. The recent Draghi report recommended 
increasing and focusing public Research, 
Development and Innovation (RDI) investment on the 
field, particularly in life sciences for advanced 
therapy medicinal products (ATMPs). [4] 

The Biotech Act was announced as part of the current 
European Commission’s political guidelines, with the 
aim of reducing regulatory fragmentation, simplifying 
processes, and shortening time to market for 
innovations.  

Two other important initiatives for this field are 
included in the political guidelines: the recently 
published strategy for European Life Sciences and 
the, upcoming, Innovation Act that will focus on 



tackling regulatory fragmentation and simplifying 
hurdles for startups and scale-ups. [5, 6, 7] 

The EC has put forward several other policy initiatives 
on biotechnology and health. These include: the 
EU4Health program aiming to strengthen EU health 
systems and crisis preparedness [8]; the European 
health data space regulation (EHDS), the first 
common EU data space dedicated to a specific sector 
[9]; and the health technology assessment (HTA) 
regulation to improve the availability for patients of 
innovative technologies [10]. 

Quick guide 

This brief is organised in 3 sections:  

— trends and signals on technologies and innovations; 

— contextual factors, covering drivers, enablers and barri-
ers related with their development and uptake; 

— conclusions providing complementary insights and over-
arching analysis. 

TRENDS AND SIGNALS 

The following trends and signals were deemed as the 
most relevant by the workshop participants. “In vivo 
gene therapy” (see box 1) was selected by more than 
half of participants as top final topic and a wildcard3. 

Box 1: In vivo gene therapy 
Gene therapy is rapidly evolving, with a shift 
from ex vivo techniques to in vivo delivery of 
therapies, directly targeting therapy-relevant 
cells throughout the body. 

A key innovation is the development of 
engineered viral and non-viral vectors capable 
of recognising specific cell surface markers, 
significantly improving biodistribution and 
delivery precision. Clinically, this has been 
exemplified using T-cell targeted vectors in 
delivering CAR T-cells4 for cancer 
immunotherapy. 

Beyond oncology, the approach shows promise 
in treating genetic disorders and in regenerative 
medicine by delivering therapeutic agents 
directly to affected cells or tissues. The 
opportunities include enhanced treatment 

3 Workshop participants were asked to classify one signal as a wild card. In foresight a wild card is an event or development that bears 
a higher potentially disruptive impact than a normal signal. 

4 CAR T-cell therapy (Chimeric Antigen Receptor T-cell therapy) is a form of immunotherapy that uses a patient’s own immune cells to 
fight cancer. 

5 Haematopoietic commonly describes the process of stem cells in bone marrow generating all blood cell types, essential for immunity, 
oxygen transport, and clotting. 

precision, broader disease applicability, less 
invasive treatment delivery, reduced cost, 
increased access, and the potential for entirely 
new therapeutic approaches. 

However, technical complexity, safety concerns 
regarding off-target effects (toxicity), and 
regulatory hurdles remain significant challenges. 
Continued innovation and careful validation will 
be essential to fully realise the benefits of in 
vivo gene therapy. 

[11, 12] 

Microphysiological pre-clinical models 

Microphysiological systems (MPS) hold the potential 
to transform biotechnology by providing efficient 
human-relevant pre-clinical models for basic 
research, drug development, and personalised 
medicine. 

MPS are advanced in vitro models—such as organ-
on-chip, organoids, or induced pluripotent stem 
cells—that reflect the structure and function of 
human tissues or organs. MPS can reduce reliance on 
animal testing and improve the predictability of 
clinical outcomes by providing human-relevant data 
for studying disease mechanisms, drug responses, 
and toxicological effects. Additionally, MPS can 
accelerate drug development and reduce costs. 

An example of MPS with a potential use in disease 
modelling and regenerative medicine are skin 
organoids. They are derived from human pluripotent 
stem cells and can self-assemble into complex skin 
structures with functional features like hair follicles 
and innervation, offering new avenues to support 
therapeutic development. 

Another example in gene therapy safety 
improvement is a dual-chamber bioreactor system 
that enables detailed in vitro assessment of 
tumorigenicity in gene-edited haematopoietic5 stem 
cells. 

The EU’s in vitro biotechnology sector is rapidly 
advancing the development of novel MPS with 
applicability for cell and gene therapies, supported by 
other complementary technologies such as 3D 
bioprinting. Through their continuous development, 



these technologies may also contribute to novel, 
innovation-friendly regulatory frameworks that 
recognise advanced, human-relevant models and 
incentivise the reduction of animal testing, while also 
providing alternative approaches to safety and 
efficacy assessment.  

This transition could enhance the EU’s global 
competitiveness while promoting more sustainable 
and ethical RDI practices, although challenges remain 
in standardisation, overall trust, and adoption. 

[13, 14, 15, 16, 17, 18, 19, 20, 21, 22] 

Stem cells in multiple applications 

Research in stem cells is driving significant advances 
in multiple domains from chronic diseases to fertility 
treatments, and regenerative medicine. Pluripotent 
stem cells offer enhanced differentiation potential 
and closer resemblance to early embryonic 
development. Together with improved differentiation 
protocols they support personalised regenerative 
therapies and developmental studies. 

For example, a new human embryonic stem cell-
derived therapy has shown unprecedented results in 
type 1 diabetes: all patients maintained average 
blood glucose levels (HbA1c) below 7% and most 
were insulin-free after one year. This offers hope for 
restoring endogenous insulin production, potentially 
transforming management of severe diabetes cases 
beyond existing insulin therapies.  

Gameto’s Fertilo—an ovarian support cell therapy 
derived from induced pluripotent stem cells—shows 
promise in in vitro fertilization (IVF) by improving egg 
quality and reducing hormone use and is now 
entering Phase 3 trials.  

These innovations collectively showcase multiple 
opportunities but also raise regulatory, ethical, and 
technical challenges related to scalability, genetic 
stability, and clinical validation. Pluripotent stem cells, 
for example, are prone to acquiring genetic 
abnormalities, prompting the need for new assays 
and relevant safety protocols. 

[23, 24, 25, 26, 27, 28, 29, 30] 

New tools for advanced tissue delivery 

Tissue engineering and regenerative medicine 
innovations are being enabled by new tools and 
delivery platforms that facilitate precise, efficient, 
and biocompatible therapeutic interventions.  

6 In silico refers to the use of computer simulations and modelling. This approach complements traditional in vivo (in living organisms) 
and in vitro (in laboratory settings) approaches. 

Among these, extracellular vesicles (EVs) and 
exosomes have emerged as highly promising drug 
delivery vehicles. These natural nanocarriers, secreted 
by cells, offer tissue-specific targeting, as well as 
superior biocompatibility compared to synthetic 
systems. 

Engineered EVs can deliver proteins, RNAs, and drugs 
directly to diseased or damaged tissues, minimising 
off-target effects and immune responses. They are 
being explored for cancer, neurodegenerative 
disorders, and regenerative therapies. In-situ 
production and modulation of EVs can further 
enhance their precision and therapeutic potential. 

Another active area of research focuses on delivering 
therapeutic payloads to tissues beyond the liver. 
Recent innovations in nanoparticle design now enable 
efficient in vivo delivery to extrahepatic organs such 
as the spleen and lungs. This expansion in delivery 
capabilities significantly broadens the potential 
applications of gene therapies. 

In the area of cell therapy, 3D printed scaffolds 
provide customisable frameworks for localised, 
controlled tissue regeneration and drug release, 
integrating bioactive agents for advanced tissue 
repair. 

[31, 32, 33, 34, 35, 36, 37, 38, 39, 40] [41] 

In silico & AI 

Breakthroughs in in silico 6, AI-driven and digital-twin 
approaches can transform biomedical research, 
diagnostics, and personalised medicine. In silico 
modelling leverages computer simulations 
increasingly integrated with AI and can potentially 
replace some traditional animal testing and clinical 
trials. 

This approach could accelerate drug development, 
reduce costs, increase safety, and address ethical 
concerns, by simulating complex biological 
interactions and predicting treatment outcomes with 
high accuracy. 

In oncology, AI-driven analysis of tumour 
heterogeneity integrates histology images and 
genomic biomarkers, significantly improving early 
cancer diagnosis, subtype discrimination, and 
personalised treatment plans. 

In another example, a new AI tool can now analyse 
immune cell receptor genes from a single blood 
sample to diagnose multiple diseases simultaneously, 



enhancing accuracy and efficiency in healthcare 
delivery. 

Furthermore, AI-driven regenerative medicine 
combines predictive analytics with stem cell and 
tissue engineering, enabling precise, individualised 
therapies and accelerating tissue repair.  

These technologies collectively promise to advance 
healthcare by enabling rapid, cost-effective, and 
highly personalised interventions, though challenges 
remain in data quality, regulatory approval, and 
integration. 

[42, 43, 44, 45, 46, 47, 48, 49] 

Conversion of tumour cells 

Korean researchers have pioneered a groundbreaking 
treatment for colon cancer by converting tumour cells 
into quasi-normal cells, rather than destroying them.  

This innovative approach uses a digital twin of gene 
networks to identify master molecular switches that 
can alter the differentiation path of cancer cells, 
possibly also reducing side effects. 

In another example, scientists reprogrammed cancer 
cells to dendritic cells, a type of immune cell, which 
subsequently helped activate cancer-specific T cell 
responses to the remaining tumour. This approach 
showed durable tumour control in mouse melanoma 
models. 

The concept of converting tumour cells holds 
potential for broader oncological applications. 
However, challenges remain: the complexity of gene 
networks in different cancers requires further 
understanding, and validation across various cancer 
types is needed. Additionally, extensive clinical trials 
and regulatory processes must be completed to 
ensure safety and efficacy before such treatments 
can be widely adopted. 

[50, 51, 52] 

Emerging genome and epigenome-based 
therapies 

Developments in genome and epigenome-based 
treatments are driving novel, safer and more 
effective therapeutic options. Epigenetic editing 
therapy stands out as a promising approach, enabling 
precise alteration of epigenetic marks at specific 
genetic loci. This method surpasses conventional 
broad-spectrum drugs by allowing targeted 
regulation of gene expression, with applications 
ranging from neurodegenerative diseases to diabetes 
and cancer. By modulating genes involved in disease 

pathways without altering the DNA sequence, 
epigenetic editing offers durable and reversible 
interventions. However, challenges in delivery, off-
target effects, and ethical considerations still need to 
be addressed. 

The Sleeping Beauty (SB) transposon system is 
another example of a new generation of non-viral 
gene delivery tools. Unlike traditional viral vectors, SB 
integrates therapeutic genes into host genomes with 
lower immunogenicity and manufacturing costs, 
reducing risks such as immune reactions and 
insertional mutagenesis. Enhanced SB variants now 
offer improved efficacy and biosafety, making them 
promising for gene therapy and synthetic vector 
development, though precision in genomic integration 
and regulatory approval remain key challenges. 

Recent advances in CRISPR systems, including base 
and prime editing, although not selected by 
participants, were significantly represented in signals’ 
longlist and fit in this category. They enable precise 
single-nucleotide changes without double-strand 
breaks, reducing off-target risks. Prime editing, 
notably, expands the scope of possible edits, offering 
refined correction of pathogenic mutations. New 
CRISPR variants include CAS13 that introduces a 
novel RNA-targeting mechanism distinct from 
traditional DNA-editing CRISPR systems. 

[39, 40, 53, 54, 55, 56] 

Other topics 

Four other topics were highlighted by individual 
workshop participants during the final voting. 

Connected with the signal highlighted in Box 1, in vivo 
CAR T-cell engineering leverages gene therapy 
vectors to modify T-cells within a patient. This 
approach expands therapeutic applications, 
particularly in oncology and autoimmune diseases, by 
enhancing accessibility and scalability. [57] 

Originally used in blood cancers, CAR T-cell therapies 
are now in early trials targeting a diverse set of 
tissues and diseases, including solid tumours and 
autoimmune conditions like diabetes and multiple 
sclerosis, showing promising safety and efficacy. 
Senolytic and stem cell therapies further expand 
regenerative and immunomodulatory treatment 
options. [58, 59, 60] 

Mitochondrial transplantation is an approach that 
introduces functional mitochondria to replace 
damaged ones. Unlike traditional therapies, this 
directly addresses mitochondrial dysfunction, possibly 
providing therapeutic benefits for conditions like 



cardiogenic shock and Parkinson's disease. This 
technique enhances cellular energy production and 
promotes tissue regeneration, offering a promising 
alternative to existing treatments. [61, 62] 

RNA therapeutics are rapidly advancing through 
CRISPR-Cas13 RNA editing (mentioned before), 
improved lipid nanoparticle (LNP) delivery, and 
exosome-based systems. These innovations enable 
targeted RNA knockdown, precise gene therapy, and 
enhanced mRNA vaccine efficacy, expanding 
treatment options for genetic disorders, cancer, and 
infectious diseases beyond the liver and to multiple 
tissues. [39, 56, 63, 64] 

CONTEXTUAL FACTORS 

The following topics result from an aggregation of 
participants’ insights regarding contextual factors 
influencing the development and uptake of cell and 
gene therapies in the broader context of health 
biotechnology.7 

Competitiveness and geopolitics 

Geopolitical competition is driving global investment 
and innovation in biotechnology, reshaping the 
competitive landscape. Strengthening the EU’s 
strategic autonomy in health biotechnology is 
essential to reduce dependencies, enhance resilience, 
and reinforce its position as a global leader in 
science, technology, and health security. 

Talent and expertise development 

Effort is needed to identify and nurture scientific 
talent within EU universities in order to strengthen 
innovation and broaden the pool of available experts. 
At the same time, education systems across the EU 
may need to adjust curricula to equip the next 
generation of skilled workers with the key 
competencies required for advancing biotechnology 
across the supply chain. 

Cross-border and cross-sector collaboration 

Strengthening cross-border cooperation in the EU and 
fostering partnerships between sectors is key. It is 
important to foster more public-private research 

7 These factors were analysed using an adapted version of the Triangle of the Future framework [67] a foresight method that maps 
three competing forces: the pull of the future, the push of the present, and the weight of history. It can be used as a stand-alone 
method or in conjunction with others. For this project, the authors explored 3 types of contextual factors connected with those 
three temporal dimensions: drivers which are high-level factors that trigger or shape significant contextual changes and pull tech-
nological development and uptake into the future; enablers, or opportunities, that are present-day conditions that create a fertile 
ground for innovation to occur and therefore push technologies forward; and barriers, or challenges, that can be seen as past and 
present constraints (“weight”) that hinder technological development and uptake. 

8 Xenotransplantation is the transplantation of living cells, tissues, or organs from one species to another, typically from animals to hu-
mans, to treat diseases or replace damaged biological functions. 

partnerships and strengthen the connection between 
academia/industry and policy makers/regulators. 

Funding, economic and market conditions 

Biotechnology innovation requires targeted funding 
mechanisms that support high-risk and high-reward 
research. Significant investment is needed to cover 
the high costs of RDI clinical trials, regulatory 
approval processes and compliant production 
infrastructure, often prohibitive to academia or SMEs. 
Market viability remains uncertain, especially for 
niche applications, highlighting the need for 
harmonised IP rights and supportive market 
frameworks across Europe. 

Regulatory, safety and ethical challenges 

Regulatory demands can limit the capacity of 
researchers and early-stage enterprises to translate 
scientific discoveries into clinical applications. 
Imposing compliance frameworks used in the 
pharmaceutical sector to cell and gene therapies can 
create disproportionate burdens on clinical 
institutions, exceeding the requirements of 
established patient-safe practices. 

Ensuring safety across all stages—development, 
trials and application—is critical for accelerated 
approvals. As mentioned earlier, cooperation between 
industry, academia, and policymakers is key to 
developing smarter regulation that safeguards ethical 
and safety concerns without hindering RDI of 
potentially effective therapies.  

Clear ethical frameworks are also needed to support 
responsible sharing of safety and efficacy data while 
protecting privacy and security.  

Additionally, the absence of dedicated regulation for 
emerging areas such as xenotransplantation8 poses 
significant challenges, highlighting the need for an 
anticipatory governance approach. 

Health and RDI ecosystems 

Fragmented healthcare and data systems, along with 
commercialisation challenges hinder the integration 
of biotech into effective and scalable health solutions 



across the EU. Additional efforts are needed to 
increase and implement standardisation in 
biotechnology experimentation. Central repositories 
for preclinical and clinical data—particularly safety 
data— could foster knowledge sharing and therefore 
new scientific and innovation breakthroughs. 

Infrastructure and manufacturing 

Advancing biotechnology requires modern and 
adaptable manufacturing processes together with 
robust infrastructure to deliver therapies at scale. 
Platform approaches to manufacturing and 
development pipelines with modular components 
allow for more rapid translation, improvements, and 
adaptions. Health biotechnology is also entering new 
frontiers, including space and other extreme 
environments, where resilient systems are essential. 
Although primarily aimed at outer-Earth exploration, 
biotechnology RDI conducted in space may also yield 
valuable applications back on Earth. 

CONCLUSIONS 

The rapid evolution of biotechnology is reshaping 
modern medicine and healthcare, with 
groundbreaking advances in gene therapy, human-
relevant cellular models, and tissue-specific delivery 
systems leading the way. The following conclusions 
summarise the main findings of this exercise. 

Transformative advances in gene therapy 
and delivery 

In vivo gene therapies—particularly those using 
engineered viral and non-viral vectors—offer 
promising avenues for precisely targeting cells in 
cancer, genetic disorders, and regenerative medicine; 
however, their clinical availability remains limited. 
Realising their full potential will likely require a 
technological breakthrough, particularly in safe and 
efficient delivery systems, vector design, and immune 
evasion strategies. 

Human-relevant cellular models 

Microphysiological systems, could revolutionise cell 
and gene therapy by providing human-relevant 
models for disease study and drug development. 
These innovations could reduce reliance on animal 
testing, accelerate drug discovery, regulatory 
approvals, and support personalised medicine, 
although they raise challenges in standardisation and 
wide adoption. 

Innovations in stem cell research and tissue 
engineering 

Advances in stem cell research are driving 
breakthroughs in regenerative medicine and fertility 
treatments. New tools like engineered EVs enhance 
safety and precision in therapeutic delivery, while 3D-
printed scaffolds support localised tissue 
regeneration, furthering the potential for personalised 
interventions. However, regulatory, and ethical issues 
can hinder their development. 

Integration of AI and in silico approaches 

AI-driven and in silico diagnostics could boost 
biomedical research by enabling rapid, accurate, and 
cost-effective therapy development, predictions of 
treatment outcomes and disease diagnostics. Data 
quality and regulatory acceptance remain challenges. 

Competitive landscape 

Global investment and geopolitical competition are 
reshaping biotechnology. Strengthening the EU’s 
strategic autonomy, nurturing talent, and fostering 
cross-sector collaboration are essential for 
competitiveness. 

Regulatory, standards, ethical, and infra-
structure challenges 

Ensuring fit-for-purpose regulatory frameworks, 
ethics, implementable standards, and modern 
manufacturing infrastructure is crucial for 
accelerating the translation of scientific 
breakthroughs into practical, scalable healthcare 
solutions. Addressing funding gaps, market viability, 
skills shortage, and harmonisation of IP rights is also 
necessary to ensure sustainable growth. 



REFERENCES 

[1] E. Amanatidou, M. Butter, V. Carabias, T. Könnölä,
M. Leis, O. Saritas, P. Schaper-Rinkel and V. van
Rij, “On concepts and methods in horizon
scanning: Lessons from initiating policy
dialogues on emerging issues,” Science and
Public Policy, vol. 39, no. 2, pp. 208-221, 2012.

[2] J. Farinha, L. Vesnic Alujevic and A. Polvora,
“Scanning deep tech horizons: participatory
collection and assessment of signals and
trends,” Publications Office of the European
Union, Luxembourg, 2023.

[3] P. Dannemand Andersen, M. Bevolo, I. Ilevbare, E.
Malliaraki, R. Popper and M. Spaniol, Technology
Foresight for Public Funding of Innovation:
Methods and Best Practices, L. Vesnic Alujevic, J.
Farinha and A. Polvora, Eds., Luxembourg:
Publications Office of the European Union, 2023.

[4] M. Draghi, “The Draghi report on EU
competitiveness,” European Commission, 2024.

[5] European Commission, “Von der Leyen
Commission 2024-2029,” European Commission,
2024. [Online]. Available:
https://commission.europa.eu/about/commission-
2024-2029_en.

[6] European Commission, “Towards a Strategy for
European Life Sciences,” European Commission,
2025. [Online]. Available: https://research-and-
innovation.ec.europa.eu/strategy/strategy-
research-and-innovation/jobs-and-
economy/towards-strategy-european-life-
sciences_en.

[7] European Commission, “EU Startup and Scaleup
Strategy,” European Commission, 2025. [Online].
Available: https://research-and-
innovation.ec.europa.eu/strategy/strategy-
research-and-innovation/jobs-and-economy/eu-
startup-and-scaleup-strategy_en.

[8] European Commission, “EU4Health programme
2021-2027,” European Commission, 2021.
[Online]. Available:
https://health.ec.europa.eu/funding/eu4health-
programme-2021-2027-vision-healthier-
european-union_en.

[9] European Commission, “European Health Data
Space Regulation (EHDS),” European
Commission, 2025. [Online]. Available:
https://health.ec.europa.eu/ehealth-digital-
health-and-care/european-health-data-space-
regulation-ehds_en.

[10]  European Commission, “Health Technology
Assessment (HTA),” European Commission, 2025. 
[Online]. Available:
https://health.ec.europa.eu/health-technology-
assessment/overview_en.

[11]  A. Mullard, “In vivo CAR T cells move into clinical
trials,” Nature Reviews Drug Discovery, 2024.
[Online]. Available:
https://www.nature.com/articles/d41573-024-
00150-z.

[12]  U. Uslu, S. Castelli and C. H. June, “CAR T cell
combination therapies to treat cancer,” Cancer
Cell, vol. 42, no. 8, pp. 1319-1325, 2024.

[13]  F. Pognan, M. Beilmann, H. C. M. Boonen, A. Czich,
G. Dear, P. Hewitt, T. Mow, T. Oinonen, A. Roth, T.
Steger-Hartmann, J.-P. Valentin, F. V. Goethem, R. 
J. Weaver and P. Newham, “The evolving role of
investigative toxicology in the pharmaceutical
industry,” Perspective, vol. 22, p. 317–335, 2023. 

[14]  U.S. Food and Drug Administration (FDA),
“Roadmap to Reducing Animal Testing in
Preclinical Safety Studies,” 2025.

[15]  European Medicines Agency, “Concept paper on
the revision of the Guideline on the principles of
regulatory acceptance of 3Rs (replacement,
reduction, refinement) testing approaches,”
2023.

[16]  L. Kata, “Novel Liver Ring Trial Set to
Revolutionize Drug Safety Assessment,”
esqLABS, 2024. [Online]. Available:
https://esqlabs.com/novel-liver-ring-trial-set-to-
revolutionize-drug-safety-assessment/.

[17]  J. Lee, C. C. Rabbani, H. Gao, M. R. Steinhart, B. M.
Woodruff, Z. E. Pflum, A. Kim, S. Heller, Y. Liu, T.
Z. Shipchandler and K. R. Koehler, “Hair-bearing
human skin generated entirely from pluripotent
stem cells,” Nature, vol. 582, p. 399–404, 2020.

[18]  Y. Chen, Z. Fan, X. Wang, M. Mo, S. B. Zeng, R.-H.
Xu, X. Wang and Y. Wu, “PI3K/Akt signaling
pathway is essential for de novo hair follicle
regeneration,” Stem Cell Research & Therapy,
vol. 11, 2020.



[19]  P. Li, S. T. Pachis, G. Xu, R. Schraauwen, R. Incitti,
A. C. d. Vries, M. J. Bruno, M. P. Peppelenbosch, I.
Alam, K. Raymond and Q. Pan, “Mpox virus
infection and drug treatment modelled in human
skin organoids,” Nature Microbiology, vol. 8, p.
2067–2079, 2023.

[20]  P. Ritter, S. Oliveto, C. Cordiglieri, A. Fasciani, C. A. 
D. Buduo, L. d. Volpe, A. Bocconi, C. Conci, C. P.
Miguel, M. T. R. Raffaella Di Miccol Alessandra
Balduini and S. Biffo, “A millifluidic bioreactor
allows the long term culture of primary
lymphocytes or CD34+ hematopoietic cells while
allowing the detection of tumorigenic expansion,”
Frontiers in Bioengineering and Biotechnology,
vol. 12, 2024.

[21]  NC3Rs, “Challenge 33 - CleanCut,” National
Centre for the Replacement, Refinement and
Reduction of Animals in Research, 2024. [Online]. 
Available: https://nc3rs.org.uk/crackit/cleancut.

[22]  M. M. S. L. W. M. Mennecozzi, “Strengthening the
competiveness of EU in vitro biotechnologies
(under publication),” Trends in Biotechnologies,
2025.

[23]  A. Dattani, E. Corujo-Simon, A. Radley, T. Heydari,
Y. Taheriabkenar, F. Carlisle, S. Lin, C. Liddle, J.
Mill, P. W. Zandstra, J. Nichols and G. Guo, “Naive
pluripotent stem cell-based models capture FGF-
dependent human hypoblast lineage
specification,” Cell Stem Cell, vol. 31, no. 7, pp.
1058-1071, 2024.

[24]  S. Io, M. Kabata, Y. Iemura, K. Semi, N. Morone, A.
Minagawa, B. Wang, I. Okamoto, T. Nakamura, Y.
Kojima, C. Iwatani, H. Tsuchiya, B. Kaswandy, E.
Kondoh, S. Kaneko, K. Woltjen and ..., “Capturing
human trophoblast development with naive
pluripotent stem cells in vitro,” Cell Stem Cell,
vol. 28, no. 6, pp. 1023-1039, 2021.

[25]  N. Benvenisty, J. S. Draper, P. J. Gokhale, L. Healy, 
Z. Hewitt, D. Hursh, A. Hodgson, T. E. Ludwig, N.
Mah, S. E. McClelland, M. Mennecozzi, F. T.
Merkle, J. C. Mountford, M. Pera and I. Barbaric,
“A call to action for deciphering genetic variants
in human pluripotent stem cells for cell therapy,”
Cell Stem Cell, vol. 32, no. 4, pp. 508-512, 2025.

[26]  European Commission, “Commission Roadmap
towards ultimately phasing out animal testing
for chemical safety assessments,” 2024.
[Online]. Available:
https://op.europa.eu/en/publication-detail/-
/publication/443a23fd-7527-11ef-a8ba-
01aa75ed71a1/language-en.

[27]  T. Lynch, “A Decentralized Manufacturing Future,”
Aldevron, 2024. [Online]. Available:
https://www.aldevron.com/blog/decentralized-
manufacturing-future.

[28]  APC, “Decentralized Manufacturing - It’s not just
about ATMP’s!,” APC, 2024. [Online]. Available:
https://approcess.com/blog/decentralized-
manufacturing-its-not-just-about-atmps.

[29]  B. Paulsen, F. Barrachina, S. Piechota, A. D.
Noblett, M. Johnson, S. Kats, C. Lew, M.
Marchante, A. B. Figueroa, I. G. Granada, E. I.
Lopez, E. M. Martinez and C. C. Kramme,
“Translation of a human induced pluripotent
stem cell-derived ovarian support cell product to
a Phase 3 enabling clinical grade product for in
vitro fertilization treatment,” medRXiv, 2025.

[30]  Vertex, “Vertex Presents Positive Data for
Zimislecel in Type 1 Diabetes at the American
Diabetes Association 85th Scientific Sessions,”
Vertex, 2025. [Online]. Available:
https://news.vrtx.com/news-releases/news-
release-details/vertex-presents-positive-data-
zimislecel-type-1-diabetes.

[31]  W. Zheng, S. Roudi, H. Zhou, M. L. Corona, G. v.
Niel, J. Z. Nordin and S. E. Andaloussi, “Genetic
tools for investigating the life cycle of
extracellular vesicles,” Nature Reviews
Bioengineering, 2025.

[32]  B. Xia, X. Gao, J. Qian, S. Li, B. Yu, Y. Hao, B. Wei,
T. Ma, H. Wu, S. Yang, Y. Zheng, X. Gao, L. Guo, J.
Gao, Y. Yang, Y. Zhang, Y. Wei, B. Xue, Y. Jin, Z.
Luo, J. Zhang and J. Huang, “A Novel
Superparamagnetic Multifunctional Nerve
Scaffold: A Remote Actuation Strategy to Boost
In Situ Extracellular Vesicles Production for
Enhanced Peripheral Nerve Repair,” Adv Mater,
vol. 36, no. 3, 2024.

[33]  J. Koffler, W. Zhu, X. Qu, O. Platoshyn, J. N. Dulin,
J. Brock, L. Graham, P. Lu, J. Sakamoto, M.
Marsala, S. Chen and M. H. Tuszynski,
“Biomimetic 3D-printed scaffolds for spinal cord
injury repair,” Nature Medicine, vol. 25, pp. 263-
269, 2019.

[34]  J. Rezaie, M. Feghhi and T. Etemadi, “A review on
exosomes application in clinical trials:
perspective, questions, and challenges,” Cell
Communication and Signaling, vol. 20, 2022.



[35]  L. Barile and G. Vassalli, “Exosomes: Therapy
delivery tools and biomarkers of diseases,”
Pharmacology & Therapeutics, vol. 174, pp. 63-
78, 2017.

[36]  G. v. Niel, D. R. F. Carter, A. Clayton, D. W.
Lambert, G. Raposo and P. Vader, “Challenges
and directions in studying cell–cell
communication by extracellular vesicles,” Nature
Reviews Molecular Cell Biology, vol. 23, p. 369–
382, 2020.

[37]  W. Meng, C. He, Y. Hao, L. Wang, L. Li and G. Zhu,
“Prospects and challenges of extracellular
vesicle-based drug delivery system: considering
cell source,” Drug Delivery, vol. 27, pp. 585-598,
2020.

[38]  M. A. Kumar, S. K. Baba, H. Q. Sadida, S. A.
Marzooqi, J. Jerobin, F. H. Altemani, N. Algehainy,
M. A. Alanazi, A.-B. Abou-Samra, R. Kumar, A. S.
A.-S. Akil, M. A. Macha, R. Mir and A. A. Bhat,
“Extracellular vesicles as tools and targets in
therapy for diseases,” Signal Transduction and
Targeted Therapy, p. 9, 2024.

[39]  J. B. Simonsen, “Lipid nanoparticle-based
strategies for extrahepatic delivery of nucleic
acid therapies – challenges and opportunities,”
Journal of Controlled Release, vol. 370, pp. 763-
772, 2024.

[40]  T. Nakamura, Y. Sato, Y. Yamada, M. M. A. Elwakil,
S. Kimura, M. A. Younis and H. Harashima,
“Extrahepatic targeting of lipid nanoparticles in
vivo with intracellular targeting for future
nanomedicines,” Advanced Drug Delivery
Reviews, vol. 188, 2022.

[41]  M. Jeong, Y. Lee, J. Park, H. Jung and H. Lee,
“Lipid nanoparticles (LNPs) for in vivo RNA
delivery and their breakthrough technology for
future applications,” Advanced Drug Delivery
Reviews, vol. 200, 2023.

[42]  L. Hicks, “AI Tool Diagnoses Multiple Diseases
From One Blood Sample,” Medscape, 2025.
[Online]. Available:
https://www.medscape.com/viewarticle/ai-tool-
diagnoses-multiple-diseases-one-blood-sample-
2025a10005nu.

[43]  T. P. Umar, D. Agustini, A. M. Makram, M.
Muzzamil, B. Stevanny, R. Elsheikh, N. L. Swathi,
T. Garg, A. A. Putri and N. Jain, “Artificial
Intelligence and Its Integration with Regenerative 
Medicine Approach,” in Integrating Digital Health
Strategies for Effective Administration, A.
Bouarar, K. Mouloudj and D. M. Asanza, Eds., IGI
Global Scientific Publishing, 2023, pp. 32-57.

[44]  H. Nosrati and M. Nosrati, “Artificial Intelligence
in Regenerative Medicine: Applications and
Implications,” Biomimetics, vol. 8, no. 5, p. 442,
2023.

[45]  F. Idlahcen, A. Idri and E. Goceri, “Exploring data
mining and machine learning in gynecologic
oncology,” Artificial Intelligence Review, vol. 57,
2024.

[46]  P. Khosravi, E. Kazemi, M. Imielinski, O. Elemento
and I. Hajirasouliha, “Deep Convolutional Neural
Networks Enable Discrimination of
Heterogeneous Digital Pathology Images,”
EBioMedicine, vol. 27, pp. 317-328, 2018.

[47]  A. Niarakis, R. Laubenbacher, G. An, Y. Ilan, J.
Fisher, Å. Flobak, K. Reiche, M. R. Martínez, L.
Geris, L. Ladeira, L. Veschini, M. L. Blinov, F.
Messina, L. L. Fonseca and J. A. Glazier, “Immune
digital twins for complex human pathologies:
applications, limitations, and challenges,” npj
systems biology and applications, vol. 10, no.
141, 2024.

[48]  G. Karanasiou, E. Edelman, F.-H. Boissel, R. Byrne,
L. Emili and M. Fawdry, “Advancing in Silico
Clinical Trials for Regulatory Adoption and
Innovation,” IEEE Journal of Biomedical and
Health Informatics, vol. 29, no. 4, pp. 2654 -
2668, 2025.

[49]  European Medicines Agency, “Concept paper on
the development of a Guideline on assessment
and reporting of mechanistic models used in the
context of model informed drug development,”
2025. [Online]. Available:
https://www.ema.europa.eu/en/guideline-
assessment-reporting-mechanistic-models-
used-context-model-informed-drug-
development.

[50]  J.-R. Gong, C.-K. Lee, H.-M. Kim, J. Kim, J. Jeon, S.
Park and K.-H. Cho, “Control of Cellular
Differentiation Trajectories for Cancer
Reversion,” Advanced Science, vol. 12, no. 3,
2025.



[51]  S. Gupta, “Korean researchers find cancer undo
button, turn tumor cells to normal ones,”
Interesting Engineering, 2024. [Online]. Available: 
https://interestingengineering.com/health/korean-
researchers-find-cancer-undo-button-turn-
tumor-cells-to-normal-ones.

[52]  E. Ascic, F. Åkerström, M. S. Nair, A. Rosa, I.
Kurochkin, O. Zimmermannova, X. Catena, N.
Rotankova, C. Veser, M. Rudnik, T. Ballocci, T.
Schärer, X. Huang and C.-F. Pereira, “In vivo
dendritic cell reprogramming for cancer
immunotherapy”.

[53]  Z. Ivics, L. Kesselring and C. Miskey, “Patent -
POLYPEPTIDES WITH TRANSPOSITIONAL
ACTIVITY,” WIPO, 2023. [Online]. Available:
https://patentscope2.wipo.int/search/en/detail.jsf?
docId=WO2023036877.

[54]  A. G. Rivenbark, S. Stolzenburg, A. S. Beltran, X.
Yuan, M. G. Rots, B. D. Strahl and P. Blancafort,
“Epigenetic reprogramming of cancer cells via
targeted DNA methylation,” Epigenetics, vol. 7,
no. 4, pp. 350-360, 2021.

[55]  A. Majchrzak-Celińska, A. Warych and M.
Szoszkiewicz, “Novel Approaches to Epigenetic
Therapies: From Drug Combinations to Epigenetic 
Editing,” Genes, vol. 12, no. 2, p. 208, 2021.

[56]  H.-H. Wessels, A. Stirn, A. Méndez-Mancilla, E. J.
Kim, S. K. Hart, D. A. Knowles and N. E. Sanjana,
“Prediction of on-target and off-target activity of 
CRISPR–Cas13d guide RNAs using deep learning,” 
Nature Biotechnology, vol. 42, p. 628–637, 2024. 

[57]  L. Short, R. A. Holt, P. R. Cullis and L. Evgin,
“Direct in vivo CAR T cell engineering,” Trends in
Pharmacological Sciences, vol. 45, no. 5, pp. 406-
418, 2024.

[58]  K. Conger, “Stanford Medicine delivers first FDA-
approved cell-based therapy for solid tumors,”
Stanford Medicine News Centre, 2024. [Online].
Available: https://med.stanford.edu/news/all-
news/2024/05/car-t-melanoma.html.

[59]  Columbia University - Irving Medical Centre, “CAR 
T-cell Therapy for Multiple Sclerosis,” Columbia
Doctors, 2025. [Online]. Available:
https://www.columbiadoctors.org/news/car-t-cell-
therapy-multiple-sclerosis.

[60]  V. Mohammadi, A. J. Maleki, M. Nazari, A.
Siahmansouri, A. Moradi, R. Elahi and A.
Esmaeilzadeh, “Chimeric Antigen Receptor (CAR)-
Based Cell Therapy for Type 1 Diabetes Mellitus
(T1DM); Current Progress and Future
Approaches,” Stem Cell Rev Rep, vol. 20, no. 3,
pp. 585-600, 2023.

[61]  O. Golubnitschaja, “Mitochondrion: The
Subordinated Partner Who Agreed to Come Short
But Insists in Healthy Life,” Preventive and
Personalised Medicine, vol. 18, p. 17–29, 2024.

[62]  B. Shin, D. B. Cowan, S. M. Emani, P. J. d. Nido and
J. D. McCully, “Mitochondrial Transplantation in
Myocardial Ischemia and Reperfusion Injury,”
Mitochondrial Dynamics in Cardiovascular
Medicine. Advances in Experimental Medicine and 
Biology, vol. 982.

[63]  N. Gunitseva, M. Evteeva, A. Korzhenkov and M.
Patrushev, “A New RNA-Dependent Cas12g
Nuclease,” International Journal of Molecular
Sciences, vol. 24, no. 23, p. 17105, 2023.

[64]  H. Chen, D. Liu, J. Guo, A. Aditham, Y. Zhou, J.
Tian, S. Luo, J. Ren, A. Hsu, J. Huang, F. Kostas, M. 
Wu, D. R. Liu and X. Wang, “Branched chemically
modified poly(A) tails enhance the translation
capacity of mRNA,” Nature Biotechnology, vol.
43, p. 194–203, 2025.

[65]  P. Rossel, “Early detection, warnings, weak
signals and seeds of change: A turbulent domain
of futures studies,” Futures, vol. 44, no. 3, pp.
229-239, 2012.

[66]  B. L. van Veen and J. Roland Ortt, “Unifying weak
signals definitions to improve construct
understanding,” Futures, vol. 134, p. 102837,
2021.

[67]  S. Inayatullah, “The Futures Triangle: Origins and
Iterations,” World Futures Review, vol. 15, no. 2-
4, pp. 112-121, 2023.



ACKNOWLEDGEMENTS 
The authors are thankful to and acknowledge the 
contributions for the signal collection of: Michela 
Bergamini, Marcelina Grabowska and Olivier Eulaerts 
(EC -DG JRC, Text and Data Mining Unit); Milena 
Mennecozzi, Lucia Selfa Aspiroz, Sara Bridio, and 
Monica Piergiovanni (EC - DG JRC, Systems 
Toxicology Unit); Emily Djock, Sarah Grellier and 
Fabian Reck (Itonics); Zsuzsanna Izsvak (Max Delbrück 
Centre) and Jacek Lubelski (NanoCell Therapeutics). 

The authors are also grateful for the time and 
contributions of the following workshop participants: 
Antonia Mueller (Medical University of Vienna), Axel 
Schambach (Hannover Medical School), Bence Gyorgy 
(Institute of Molecular and Clinical Ophthalmology 
Basel), Christian Buchholz (Paul-Ehrlich-Institut), 
David Seynnaeve (Degroof Petercam), Fotios Vikas 
(EC - ERCEA), Giulia Leonetti (EC - DG RTD), Knut 
Steffensen (Karolinska Institute and University 
Hospital), Lino Ferreira (University of Coimbra), 
Matthew Smart (Cell and Gene Therapy Catapult), 
Melvin Y. Rincon (UCB pharma), Milena Mennecozzi 
(EC - DG JRC), Mirko Lo Cicero (EC - HaDEA), 
Paschalia Koufokotsiou (EC - DG SANTE), Sanjoy 
Dutta (Breakthrough T1D) and Silvana Libertini 
(Novartis BioMedical Research). 

DISCLAIMERS  
The information and views presented here are those 
of the authors and do not necessarily reflect the 
official opinion of the European Commission.  

The findings of this exercise resulted from a 
participatory process involving a group of internal 
and external experts representing a diversity of fields 
and backgrounds. The methodologies applied have 
limitations and the results do not aim to cover all 
developments and topics on the field.  

Most trends and signals are referenced to the 
sources where they were originally detected, although 
some concepts included in the final texts result from 
the analysis and contributions of the participants. 

During the preparation of this work the authors used 
several AI-assisted tools namely the internal 
GPT@JRC to assist desk research and summarise 
texts. After using these tools, the authors reviewed 
and edited the content as needed and take full 
responsibility for the publication. 

COPYRIGHT  
Luxembourg: Publications Office of the European 
Union, 2025  
© European Union, 2025, except: image on the cover 
page that is based on an image by ‘Tanyaporn’ on 
stock.adobe.com. 

HOW TO CITE THIS BRIEF 
Farinha, J., Nagy, O., Bailey, G., Mochan, A., Symmons, 
O. et al., Healing the Future - Horizon scanning for
emerging technologies and breakthrough innovations
in the field of cell and gene therapies, Publications
Office of the European Union, Luxembourg, 2025,
https://data.europa.eu/doi/10.2760/9278051,
JRC141934.

CONTACT INFORMATION 

JRC-FORESIGHT@ec.europa.eu 

EU Science Hub  joint-research-centre.ec.europa.eu 

JRC141934  

PDF ISBN 978-92-68-31574-3 doi:10.2760/9278051 KJ-01-25-471-EN-N 

https://stock.adobe.com/be_fr/images/bioethics-in-gene-editing-visual-debate-colorful-dna-helix-model-representing-genetic-information-ethical-genome-editing-dna-law-conflict/1390167872
https://stock.adobe.com/be_fr/images/bioethics-in-gene-editing-visual-debate-colorful-dna-helix-model-representing-genetic-information-ethical-genome-editing-dna-law-conflict/1390167872
https://data.europa.eu/doi/10.2760/9278051
mailto:JRC-FORESIGHT@ec.europa.eu
https://joint-research-centre.ec.europa.eu/

	HEALING THE FUTURE
	Horizon scanning for emerging technologies and breakthrough innovations  in the field of cell and gene therapies
	Highlights
	INTRODUCTION
	Project context
	Methodology
	Scope and policy context
	Quick guide

	TRENDS AND SIGNALS
	Microphysiological pre-clinical models
	Stem cells in multiple applications
	New tools for advanced tissue delivery
	In silico & AI
	Conversion of tumour cells
	Emerging genome and epigenome-based therapies
	Other topics

	CONTEXTUAL FACTORS
	Competitiveness and geopolitics
	Talent and expertise development
	Cross-border and cross-sector collaboration
	Funding, economic and market conditions
	Regulatory, safety and ethical challenges
	Health and RDI ecosystems
	Infrastructure and manufacturing

	CONCLUSIONS
	Transformative advances in gene therapy and delivery
	Human-relevant cellular models
	Innovations in stem cell research and tissue engineering
	Integration of AI and in silico approaches
	Competitive landscape
	Regulatory, standards, ethical, and infrastructure challenges


	References
	ACKNOWLEDGEMENTS
	Disclaimers
	Copyright
	HOW TO CITE THIS BRIEF
	Contact information

