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Abstract

The advancement of Cell and Gene therapies (CGT) represents a pivotal shift in the treatment
model for cancers and a broad spectrum of other diseases, particularly rare and orphan disorders.
Despite major advances, information regarding global regulatory pathways is scarce and often
perplexing, with technicalities essential to approval such as current Good Manufacturing Practice
(cGMP), Good Laboratory Practices (GLP), Certificate of Pharmaceutical Product (CPP),
Chemistry, Manufacturing, and Controls (CMC), and pathways that accelerate the approval
process like orphan drug designation, priority review, and fast track designation being
inadvertently marginalized or overcomplicated at times. Furthermore, the globalization of these
therapies is crucially hampered by fragmented, economically unsustainable and often perplexing
regulatory pathways. These regulatory challenges and the high cost of the traditional clinical trial
model create significant bottlenecks for developers. We analyze the current frameworks in major
jurisdictions, highlighting the technicalities in each, and propose a new, harmonized global
blueprint for development and approval. Key components of this proposed framework include a
shift towards advanced preclinical models, adaptive trial design, and patient-centric endpoints.
Along with simplifying the processes for CGT developers (whether industry or academia),
adopting this framework could increase the efficiency of CGT approvals, and lower the
development costs which can help in achieving the goal of bench to bedside to globalization,
directly translate to a more robust research atmosphere that benefits all by increasing the
efficiency of CGT trial and product approvals in both developed and developing countries.


https://www.propharmagroup.com/regulatory-affairs/chemistry-manufacturing-and-controls-cmc-advice-and-management/

Introduction

In 1990, four-year old “bubble girl” Ashanthi DeSilva received a pioneering intervention - gene therapy
for Severe-Combined-Immunodeficiency (SCID)(1). Conventionally, the treatment options available to
Ashanti were either haploidentical bone marrow transplantation (BMT) or replacement of missing enzyme
through regular infusions of pegylated adenosine-deaminase (PEG-ADA); however, neither were deemed
appropriate (2). Having been submitted more than three years earlier, a gene therapy protocol had
undergone more than three submissions, extensive formal written reviews, hours of public discussions,
and went through at least seven regulatory entities/sub-entities (1). The question arose why it took so
much time and multiple layers of regulators: was the procedure itself too complex and novel, the
regulatory pathways unclear, or both?

Since then, much progress has been accomplished with a growing number of cell and gene therapy (CGT)
products approved by the United States Food-and-Drug-Administration (US-FDA), the European
Medicines Agency (EMA) and many others. Today, cell and gene therapy spans ex-vivo retroviral vector
(RV), lentiviral vectors (LV), herpes simplex virus vector (HSVV), gene editing approaches (GE), and in-
vivo adeno-associated virus vectors (AAV V) with many others in the pipeline. Targeted diseases include
select "liquid" cancers by means of chimeric antigen receptor (CAR-T) cell immunotherapy, and “solid”
tumors in clinical trials such as advanced melanoma, non-small cell lung cancer, recurrent or metastatic
head and neck cancer, urothelial carcinoma. In addition, there are a variety of inherited disorders that have
been targeted including beta-thalassemia, sickle cell disease, hemophilia A and B, adenosine-deaminase-
deficiency, aromatic L-amino acid decarboxylase deficiency, cerebral adrenoleukodystrophy,
metachromatic leukodystrophy, RPE65 mutation-associated retinal dystrophy, Duchenne muscular
dystrophy, spinal muscular atrophy, dystrophic epidermolysis bullosa and others (3-6).

Gene therapies are defined by the US-FDA as products that “that mediate their effects by transcription
and/or translation of transferred genetic material and/or by integrating into the host genome and that are
administered as nucleic acids, viruses, or genetically engineered microorganisms”. EMA defines it as
biological product that “contains an active substance which contains or consists of a recombinant nucleic
acid used in or administered to human beings with a view to regulating, repairing, replacing, adding or
deleting a genetic sequence” (7). While there may be subtle differences between the two definitions, both
cover the most fundamental concepts of gene therapy.

Approval from regulatory bodies like the US-FDA, EMA, Centre for Drug Evaluation (CDE) / National
Medical Products Administration (NMPA), Medicines and Healthcare products Regulatory Agency
(MHRA), Pharmaceuticals and Medical Devices Agency (PMDA) and others is crucial in the development
of CGT (Figure 1). In 1999, a patient enrolled in a phase 1 trial in the US, Jesse Gelsinger, died 4 days
after gene therapy with adenoviral vector administration from multiorgan failure secondary to
overwhelming immune reaction (8). In another trial (in Europe) which focused on treating X-linked
severe combined immunodeficiency (SCID-X1), four out of 9 patients developed T-cell leukemia 30-68
months after treatment. Investigators identified “insertional mutagenesis” as the probable culprit (8).
Insertional mutagenesis can be simply defined as the process where the viral vector integrates into
unintended sites (sometimes hard to differentiate between unintended off-target versus toxigenic effects)
within the genome, causing mutations such as silencing or aberrant expressions of proto oncogenes (LIM
domain-only 2 (LMO02) specifically in the case of SCID-X1) (8,9). Before reported in the SCID-X1 trial,



the risk of insertional mutagenesis was considered negligible, and regulatory bodies and investigators
mainly focused on ensuring cell lines and viral vectors were not contaminated (10). A consequence of the
insertional mutagenesis events was vector design modification to ensure safety, such as using self-
inactivating (SIN) long terminal repeat (LTR) viral vectors or lentiviral vector designs, which reduce the
probability of vector-mediated transactivation of neighboring genes (9). Incidences like these slowed down
progress of gene therapy development and approvals in North America and Europe due to regulatory
concerns, while on the other side of the world, NMPA approved their first gene therapy product for clinical
use in 2003 (11).

One of the first gene therapy approvals was alipogene tiparvovec (Glybera), which utilized an AAV vector
aiming to treat lipoprotein-lipase deficiency. The Committee-of-Advanced-Therapies (CAT), established
by the EMA to review CGT products, rejected the initial Glybera application in 2010 followed by
Committee-on-Human-Medicinal-Products’ (CHMP) decision. CHMP is responsible for the final
recommendation to the European Union (EU). Following that, upon reevaluation, the CAT reversed its
earlier ruling, but the CHMP’s stance persisted. After a third review at the start of 2012, CHMP remained
unsatisfied, although narrowly, missing the required majority by one vote. Finally, in the fourth review,
Glybera received its marketing approval. Three rejections of Glybera were overcome before the go-ahead
for use in the EU, demonstrating that gene therapy products are complicated not only from the
developmental, but also regulatory perspectives (12). The case of Glybera also exemplifies the profound
financial bottlenecks that can stall even scientifically successful therapies. The escalating costs associated
with repeated applications resulted in the acquisition and liquidation of the initial pharmaceutical
company by another entity before the final approval was granted (12,13). Such commercial uncertainty
can deter investors, causing them to seek opportunities with more predictable returns. Therefore, mergers
and acquisitions (M&A) have become a routine practice (for better or worse) in the business of CGT
companies globally. This financial pressure is reflected in the recent investment trends. While CGT
developers received a peak of 22.7 billion US$ worth of investments in 2021 alone, that figure has
dropped by 33% to 15.2 billion US$ in 2024 (14).

Despite these financial headwinds neither the scientific vigor nor the importance of these therapies have
diminished, with the scale on ongoing research underscoring this momentum (9). As of March 2023, there
are 2,201 Phase 1 trials and 1,683 Phase 2, 3 trials (15). Concurrently, there are a total of at least 2,575
developers of gene therapy (16).

As of the writing of this paper, CGT is mainly being used for the treatment of cancers at 68.3% and with
the cancer burden projected to increase worldwide, the utilization of CGT will likely continue to grow
(12,15,17). Additionally, gene therapy is poised to be potentially curative for a plethora of genetic
conditions, and can alleviate the suffering of millions of people worldwide (18).

However, CGT development is facing economic pressure, and coupled with the scientific complexity,
necessitates a fundamental rethinking of the path to approval. In this paper, we analyze in technical detail
the existing frameworks and expedited pathways for CGT manufacturing and approval. Based on this
analysis, we propose a new, harmonized global blueprint leveraging adaptive trial designs, innovative
endpoints, and modern manufacturing approaches to make the journey from bench to bedside to
globalization faster, cheaper, and more predictable.



General Manufacturing Requirements and Essential Concepts

To better understand the essential requirements of CGT manufacturing, we will first briefly revisit the
steps of manufacturing (Tables 1 and 2) (19-24). We will focus mainly on CGT for curative intent and
will not be discussing supportive CGT (e.g. mesenchymal stromal cells) which are beyond the scope of
this review.

Cell therapy, such as hematopoietic cell transplantation (HCT), aims at transferring allogeneic or
autologous cells into a patient to alleviate symptoms or cure a disease whereas non-HCT CGTs involve the
administration of genetic material into a patient for gene addition or gene editing, using carriers such as
viral or non-viral vectors, whether in-vivo or ex-vivo (25). The autologous cellular and tissue-based
products are not subject to regulatory oversight (in some jurisdictions) if they are collected and
transplanted in the same procedure and same organ (homologous use) without significant manipulation,
like bone grafts in orthopedic procedures or skin grafts in reconstructive procedures (26,27). The ex-vivo
CGTs and allogeneic products require another layer of heightened safeguards for prevention of cross-
contamination and the preservation of the Chain-of-Identity (COI) (28). A variety of artificial-intelligence
based algorithms are available on supply-chain, and currently blockchain based COlIs are being established
in CGTs (29). The type of viral vector or novel capsid used is of prime importance from a regulatory
perspective. There are at least five types of viral vectors used for CGTs and many under development:
Type C retroviruses, lentiviruses, adenoviruses, adeno-associated viruses, and herpes simplex viruses.
Rare deaths after adenovirus vector transfer, and leukemia occurrence in retrovirus patients have limited
their usage, and AAV vectors are currently considered to be the safest option for most systemic gene
therapies. According to a review observing viral vector trends, AAV vectors are currently the most popular
in-vivo vector therapies (Figure 2) (21). Lentiviral vectors, however, dominate in most situations where
life-long efficacy involves gene transfer into hematopoietic stem cells (besides the size of gene to be
transferred). There are fundamental differences between the non-integrating and integrating viral vectors,
as well as in their genotoxic risks, and a detailed description of similarities and differences of each of the
viral vectors is beyond the scope of this review.

The development of viral vectors in the future should take full advantage of the progress in computational
design and follow an innovative approach. Artificial intelligence (Al) based tools can now rapidly screen
vast DNA libraries, using tools like Google’s AlphaFold, and predict protein structures with incredible
accuracy, allowing developers to design vectors in-silico for improved tissue targeting and optimal antigen
binding (30) This innovative approach will be less time intensive than traditional methods which rely on
laborious and costly trial and error wet lab screening, accelerating the pre-clinical design, de-risk
candidates by increasing the probability of success and helping therapies reach the bedside faster (31)

Critical-Process-Parameters (CPPs) represent another fundamental aspect that requires attention. In viral
vector production, the cultivation of mammalian cells involves an increased number of CPPs compared to
other types of cultivations like bacterial or yeast. Maintaining control over these CPPs is essential in
ensuring that the batch-to-batch variability remains minimal, which directly affects a product’s critical-
quality-attributes (CQA) (32,33). Another mandatory consideration in manufacturing gene therapy is the
compliance of current Good-Manufacturing-Practice (cGMP) guidelines which vary across regions, but
they usually serve the same purpose; “assure proper design, monitoring, and control of manufacturing
processes and facilities” to ensure “the identity, strength, quality, and purity of drug products by requiring
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that manufacturers of medications adequately control manufacturing operations” (34). cGMP is enforced
by many regulatory agencies including US-FDA, MHRA and EMA, whereas World-Health-Organization
(WHO) also has a version of cGMP followed in over a hundred countries (35-37). For a facility to be
cGMP certified, the relevant regulatory body will award said certification upon inspection of the
manufacturing systems, quality of raw materials, robustness of operating procedures (particularly quality
management systems), product quality deviations and testing process, and the development and validation
of a myriad of quality control (QC) tests that ensure the potency, purity, safety and identity of biologics
(32,34).

Since cGMP certification is required for in-house production of gene therapy products and due to strict
requirements in obtaining them, many companies choose out of house manufacturing via contract-
development-and-manufacturing companies (CDMO), or in their own facilities at different locations in the
world. Often, pharmaceutical companies that have the in-house manufacturing capacity acquire or partner
with CDMO to expand production pipelines (21). Additionally, manufacturing processes for viral vectors
are generally unautomated, low yielding processes, that require optimization and sometimes face difficulty
in scaling-up (33). Scalability of CGT is an essential element in ensuring access to these therapies, and its
critical importance was demonstrated a few years ago when the demand of a B-cell maturation antigen
(BCMA) directed CAR-T cells for myeloma was far outstripped the supply due to production and
scalability issues in the US (part of which may also be due to vector supply).

The entire process from development to approval can take over a decade and is estimated to cost more
than two billion US$ according to a study by Tufts University (incorporating costs for failures) (38). The
development of a CGT involves multiple stages before reaching patients. Post-research and development
(R&D) for a candidate product, the product enters preclinical research. This stage, conducted
conventionally in animal models/species through in-vivo, ex-vivo, or both, assesses the safety and efficacy
to prepare for human trials (32). Good-Laboratory-Practice (GLP), a quality system covering the
organizational process and conditions for non-clinical laboratory studies, must be complied with during
preclinical research (39). While the essentialness of GLP cannot be debated, the current reliance on multi-
species animal testing for toxicology studies represents another major cost and time bottleneck. A more
efficient and predictive future standard should be adopted, replacing the current model with a streamlined
GLP- compliant toxicology study in advanced, human-cell-based platforms like organoids and spheroids.
These platforms are essentially simplified organs and tissues grown from human cells to better predict a
therapy’s effect. This approach provides more human-relevant data that could significantly accelerate the
preclinical timeline from over a year to as little as a few months, without compromising on safety (40).

Subsequent clinical trials, approved by regulatory bodies based on the preclinical results proceed through
phase 1-3 (in most cases), and may take several months to many years to complete (32). Trials must
comply with ICH Good-Clinical-Practice (GCP) guidelines E6 (R3); a quality standard that covers
multiple aspects of ethically conducting and reporting clinical trials involving human subjects. GCP, like
the CGMP and GLP, is overseen by the relevant regulatory bodies (41). Regulatory bodies may also
expedite reviews for therapies that uniquely serve small or specific patient populations (Table 3) (42-56).
Following thorough analysis of the clinical trial performance, analyzing available treatment options,
assessing potential risks and benefits, reviewing risk management strategies, and ensuring cGMP



guidelines have been followed by the manufacturer, the regulatory body would decide on the application.
Decisions can come either in the form of an approval, denial, or a request for further information (32).
This general pathway varies by region and authority, details of which are explored in subsequent sections
for the large regulatory agencies.

US-FDA

To seek regulatory approval in the US and its territories, interested parties need to seek approval of the
US-FDA (57,58). Within the US-FDA, gene therapy is under the jurisdiction of the Division of Cellular,
Tissue and Gene Therapies, which is under the Office-of-Tissues-and-Advanced-Therapies (OTAT), which
reports to the Center-for-Biologics-Evaluation-and-Research (CBER) (Figure 3) (59). To proceed from the
preclinical stage and start clinical trials, interested parties must submit and receive approval of an
Investigational-New-Drug (IND) application, but before submitting a plethora of steps need to be taken
(60).

First and foremost, the sponsor needs to design and develop a product. The developer at this stage needs to
take important considerations in mind, namely the method by which gene addition or editing will be
achieved, the type and degree of genomic modification desired for the therapeutic effect and the delivery
method of the GE components (nuclease dependent or independent etc.). These considerations must be
clearly defined during this phase including technical details e.g. homology directed repair (HDR) versus
non-homologous end-joining (NHEYJ) if applicable etc. The therapeutic editing threshold of the therapy
also needs to be chosen during development. The US-FDA expects clear justification from the developer
for this choice, and clinical data supporting the choice when available. Finally, the optimal delivery
method should be defined. Method of delivery would depend on the nature of the therapy, whether it is ex-
vivo or in-vivo; the appropriate choice should be made (viral vector considerations discussed above) (61).

The US-FDA (like most regulators) also requires sponsors to submit a cGMP compliant Chemistry-
Manufacturing-and-Control (CMC) information with the IND. Any consequential changes to the CMC
that may occur as the protocol progresses need to be submitted for review before being implemented. Lack
of sufficient CMC details (including stability with a target shelf-life and a list of raw materials) can result
in a on hold placed by the US-FDA due to failure to assess risks to subjects in the proposed study (62).

Following this, the rationale and proof-of-concept (POC) must be established. POC studies can be
conducted via in-vitro models, animal species, or animal models. It should be noted that the use of non-
human primates (NHP), multiple rodent, or non-rodent species is not necessarily a default, and the
sponsor will be required to provide scientific justification for their choice, as sometimes non-standard test
species like genetically modified rodents or large animals (sheep, goats etc.) may be acceptable.
Collectively, the results from POC’s serve to establish the rationale and feasibility of the proposed clinical
trial, as well as guiding the preclinical toxicology and safety study designs (59,61,63,64).

Once initial POC studies have been carried out and data produced, the US-FDA is open to pre-pre-IND
meetings (e.g. INTERACT) which are discussions with CBER which allows them to provide constructive
feedback and advice based on the initial POC studies (59,65,66). The pre-IND phase of development may
include therapeutic optimization of manufacturing with toxicology. The next step in the process involves
toxicology/safety studies. Importantly, it should be noted that toxicology studies are expected to be GLP



compliant (discussed previously), unlike POC studies that do not collect safety endpoints (63). The
complete and extensive requirements for IND can be found on the US-FDA’s resource center (63). As a
significant update to these preclinical safety requirements, the US-FDA announced in April 2025 its plans
to phase out animal testing, focusing instead on Al based computational models and organoids (benefits
discussed previously), signaling the regulatory desire to streamline and modernize the regulatory process
for the 21% century (67).

Study participants must be selected in a manner that balances the overall risk-benefit, interpretability of
results, lack of other treatment options etc. Some CGT products are developed specifically for the pediatric
populations, in that case, often trials may be carried out in adult subjects to obtain initial safety data. CGT
products also require long-term follow-up of participants to identify any late safety issues. Often, sponsors
have separate protocols for long term monitoring and safety/efficacy (68).

After the clinical trials are completed and results of the last phase show promise, a Biologics-License-
Application (BLA) is submitted to the US-FDA. Once approved, the therapy will be authorized to be
distributed via specialized US-FDA approved sites (69,70) (Figure 4).

However, since CGTs often treat rare and orphan diseases, the US-FDA has specials considerations in
place to expedite the review process. These designations are breakthrough therapy designation, accelerated
approval, regenerative-medicine-advanced-therapy (RMAT) designation, fast track designation, and
priority review designation (71) (Table 3).

While the US-FDA’s structured pathway has historically ensured a high standard of safety, reforms such as
expedited pathways and the recent shift towards innovative preclinical testing signal a positive evolution in
the regulatory policy and an ambition to set a new global standard.

EMA

Organizations seeking regulatory approval within the European Union (EU) will be required to consult
EMA. The EMA was formed in 1995 with the goal of reducing costs incurred by companies in submitting
separate marketing requests for approval in European-Union (EU) member states, in addition to protecting
human and animal rights. It is responsible for recommending centralized marketing authorizations for all
EU-member-states-and-European-Economic-Area (EEA) countries to the European Commission (EC),
such that the single authorization granted by the EC will enable marketing and availability of said therapy
in all of EU and EEA (72-74). The EMA operates a centralized approval pathways for what is defined as
advanced therapy medicinal products (ATMP) which include gene and cell therapies and forwards
recommendations to the EC. The EC then takes a legally binding decision based on EMA’s
recommendation (75).

Before being granted approval by the EC, applications are evaluated by the CAT, and then the CHMP (75).
The CAT and CHMP are scientific committees under the EMA, and carry out most of the scientific
evaluation work (74). Among other roles like regulating and supervising ATMP development in the EU,
the CAT is responsible for drafting an initial opinion of the MAA submitted by pharmaceutical companies
(76). This is done based on the quality, safety and efficacy of the ATMP based on preclinical and clinical
data (75). These opinions are then further discussed by the CHMP, where a final opinion is generated and
forwarded to the EC. The EC then makes its final decision based on CHMP’s recommendations (73).



The EMA recommends a risk-based approach for ATMP development, with a priority given to safety of
subjects throughout (77). Prior to clinical studies, the steps followed for the European market are
somewhat similar to those in the US (77-79). As with the US-FDA, preclinical studies need to be
compliant with GLP regulations, however regulations may differ from the US-FDA’s as EU has separate
Directives for GLP that are applicable across the EU and EEA (80).

As of January 1, 2023, EMA approved a regulation that allows a single application for clinical trials in
multiple European countries rather than separate applications to each competent authority, and all initial
trials must be submitted through the system. This system is called the Clinical Trial Information System
(CTIS) and simplifies the process to initiate first-in-human (FIH) trials (79). Member State approval is still
required for the trial to start; however, sponsors do not have to submit requests to each concerned
competent authority in separate member states in the case of applying to multiple member states. A CTIS
application consists of three parts: Forms and Member state concerned (MSC), Part 1, and Part 2. Forms
and MSC must have the necessary form requirements, justification of trial category and justification for
MSC selection. (81). It should be noted that although the CTIS submission may be equivalent to the IND
submission to the US-FDA, there are additional requirements in the CTIS and therefore applications
similar to the IND by sponsors located in the US, if not adapted to the additional requirements, would
result in an incomplete application (82). This centralized procedure is a pioneering step in regional
harmonization and can set the framework for global harmonization.

Once all three phases of clinical trials have been conducted, the next step of the approval process with
EMA is to submit an eligibility request for an MAA. It should be noted that these requirements (GMP,
GLP, GCP) may differ from those of the US-FDA as the EMA has its own directives issued for each of the
above (80,83,84).

The EMA also offers scientific advice and protocol assistance throughout the development cycle, which it
specially recommends for teams developing innovative medicine or responding to unmet clinical need,
which is often the case with ATMP (85). (Table 3). An example of this would be the priority medicines
(PRIME) scheme, which accelerates the review of medicines that may offer a significant advantage over
existing treatments, especially for severe or life-threatening diseases (86). Additionally, the EMA offers an
orphan designation to certain therapies that respond to rare medical conditions that only affect a handful
of people. (87). It is important to note that more than half of the ATMP approved obtained orphan status
(88). Companies based in the EU can also enjoy a plethora of benefits under the small and medium-sized
enterprises (SME) which is important to incentivize startup companies to invest in CGT development (89).
Furthermore, the EMA has established up Data Analysis and Real World Interrogation Network
(DARWIN EU®), which aims to integrate real-world evidence collected from centers across the EU into
the regulatory lifecycle, making regulatory oversight more adaptive and data driven (90).

NMPA/CDE

The People’s Republic of China is one of the pioneers in the CGT landscape, being one of the first
countries to have approved a CGT (11). Presently, China is one of the top countries for ongoing clinical
trials, along with the US (15,91).

Regulation in China is undertaken by various governmental organizations with interlinked role. An
application can take one of two pathways based on the classification of the therapy: the drug track or the



medical technology track (92). The two tracks differ in regulations, and regulatory bodies depending on
their (investigator-initiated trial) IIT status mainly (91) (Figure 5).

The drug track requires an IND submission to the Centre for Drug Evaluation (CDE), an affiliate
institution of the NMPA, which is charged with reviewing the application. The CDE appoints a drug
evaluation team (DET) to review the quality, safety and efficacy of products submitted in an IND or later
in the BLA (93,94). Clinical trials are carried out under the regulatory oversight of the NMPA and
compliance with GCP and cGMP will be mandatory in this pathway. Usually, pharmaceutical or
biotechnology companies are the sponsor for clinical trials as these studies are conducted with the goal of
achieving marketing authorization, which can be applied for following the clinical trials (93). Similar to
the US-FDA, MHRA and EMA, the CDE has published guidelines and recommendations that address the
technical aspects of the whole process such recommending sponsors illustrate the rationale of selecting an
animal model, possibility of using an organoid model, technical points in for proof of concept studies, risk
assessment of the therapy, CMC study strategy and adequate risk assessments (95).

The other pathway, medical technology track, is regulated by the National Health Commission (NHC) the
successor of the Ministry of Health (MOH) (96). The medical technology track is usually initiated by
academic or medical institutions to conduct clinical research and explore further rather than collect data
for a MAA (93). These studies, which are essentially IITs, allow a for a more flexible approach during
preclinical research in contrast to clinical trials which are more standardized (92). IIT’s are regulated by
the NHC and NMPA while quality supervision is the responsibility of the institution. Institutions are
required to meet certain criteria to be eligible to conduct IITs such as having an established capacity for
research, equipped with relevant personnel and risk control systems, and have institutional ethics
committees and institutional academic committees to oversee and address ethical issues (93). Notably,
II'T’s can be converted into the “drug” track after an IND submission and is the chosen path for many
CGT products in China, given they are conducted in accordance with GCP principles and demonstrate
safety and effectiveness of the intervention with technical evidence (92,93).

As is the case with other frontrunning regulatory authorities like the EMA, MHRA and US-FDA, the
NMPA/CDE also offers various designations that fast track a drug application (Table 3). Various CGT
products have been granted these designations. In addition, NMPA also provides the option for developers
to avail meeting throughout the development cycle like, pre-IND and pre-New Drug Application (NDA) to
facilitate development (95).

MHRA

MHRA is the UK regulatory body responsible for overseeing the approval of medicines, including CGT. If
tissues and cells are being used as starting materials in a medicinal product, the donation, procurement
and testing of the cells are licensed and regulated by the Human Tissues Authority (HTA). Once the
starting materials have been made available, medicines legislation applies and is regulated by MHRA.

Before submitting for formal approval, CGT require clinical trials for which Clinical Trial Authorization
(CTA) is necessary. The pathway to obtain CTA includes an optional Pre-CTA Meeting where the sponsor
discusses the clinical trial design, data requirements, and specific regulatory pathways, followed by
submissions of Investigational Medicinal Product Dossier (IMPD) containing all relevant data related to
the gene therapy product (including its manufacturing process, quality control and preclinical data),
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clinical trial protocol (detailed description of the clinical trial's design, including endpoints, patient
selection criteria, treatment regimens, and statistical methods), preclinical study reports (including data on
safety, efficacy, pharmacology, and the vector's behavior), manufacturing and control information (details
on the production of the gene therapy, the vector used, characterization of the gene construct, and details
about the quality control processes). Once the Research Ethics Committee (REC) approves of the trial
protocol, the MHRA reviews the application, issuing an approval to proceed with the clinical trial (48).

Once clinical trials have demonstrated acceptable safety and efficacy profiles, the gene therapy product
may be submitted for MAA This is done through the Centralized Procedure for gene therapies, which is
recommended for orphan drugs and ATMP. Gene therapies are classified as ATMP under UK law. The
pathway for MAA includes an optional pre-submission scientific advice meeting, a formal MAA dossier
submission in Common Technical Document (CTD) format. The Committee for Advanced Therapies
(CAT) then evaluates the scientific data, (including an assessment of clinical trial outcomes,
manufacturing and quality control and risk-benefit profile of the therapy). Risk-benefit analysis is used to
assess the long-term risk of adverse events, considering the nature of gene therapy and its potential
benefits, including the post-marketing surveillance plan and any conditional approvals that might apply
(Table 3). Once these steps are completed, a decision is awarded depending on MHRA assessment of
safety and efficacy. The approval may come with conditions such as post-marketing commitments or
restricted use. If refused, the sponsor is informed of the reasons and may be given the opportunity to
resubmit with further data or modifications. Specific attention is paid to long-term monitoring, as gene
therapies may have delayed side effects. The MHRA also requires plans for post-marketing surveillance to
track the long-term effects of the therapy (97).

PMDA

CGTs have been handled within the framework of regenerative medical products since Japan amended the
Pharmaceutical Affairs Law in 2014, separating them from drugs and devices regulations. Before
commencing a clinical trial of an investigational CGT, the sponsor needs to provide details regarding the
quality and non-clinical safety of the new investigational product. It is recommended that the sponsor
request a scientific consultation with the responsible regulatory authority, the Pharmaceuticals and
Medical Devices Agency (PMDA), to determine whether a clinical trial with the investigational CGT has a
plausible rationale. In cases where CGTs do not meet criteria of regular approval, they may be granted a
time-limited conditional approval, given that the results from clinical trials can predict efficacy and assure
safety. This approval pathway allows the product to obtain a regular approval only after the sponsor
conducts post-marketing studies required by the regulators and confirms the product’s efficacy and safety
(98,99).

In Japan, 21 CGTs were approved by 2024. Of these, 10 out of 12 cell products and 2 out of 4 in-vivo gene
products are of Japanese origin, while all five ex-vivo gene products are developed globally. Three cell
products and two in-vivo gene therapy products of Japanese origin are products with time-limited
conditional approval. Two products did not receive regular approval due to failure to demonstrate the
efficacy in post-marketing studies. Some clinical aspects at approval were summarized elsewhere (100).
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Other countries

Since CGT is relatively new in some African and Asian countries, the regulatory authorities are gearing up
in establishing guidelines and policies in this area. Among numerous ex-vivo and in-vivo CGTs, CAR-T
cells appear very promising and, given that a lot of them are being approved for hematologic malignancies,
their utilization both on-trial and off-trial continues to increase. Given that many inherited diseases are
potentially cured by gene therapies e.g. hemoglobinopathies, hemophilia, metachromatic leukodystrophy,
SMA-1 etc., it is imperative that policies and standards, besides comprehensive guidelines, be established
in both developed and developing countries for utilization of gene therapy.

In India, indigenous CAR-T Cell products have followed local regulatory paths; and there is an on-going
FIH lentiviral vector-based gene therapy for hemophilia which has also been processed as per local
regulations results of which (first 5 patients) were recently published (101). Thailand has also become
very active in CGT for malignancies (CAR-T cells) and inherited disorders, such as beta-thalassemia
(102). In Saudi Arabia, at least two CAR-T cell therapies and one gene therapy, have been approved (103).

CD-19 CAR-T therapy is produced and approved in Israel as well, for use in leukemia or aggressive
lymphoma patients (104). In GCC, many other countries, including UAE, have started making policies on
CGTs to be utilized in their citizens.

In Brazil, since 2019, when the Brazilian Health Regulatory Agency (ANVISA) approved a clinical trial
using gene therapy for hemophilia, several other products based on CGT have subsequently gained
approval and obtained licenses. Notably, this encompasses two clinical trials dedicated to the national
development of a product based on CAR T-cells for treating patients with lymphomas and leukemias.
This initiative is crucial to ANVISA's broader efforts to foster regulatory collaboration with Brazilian
researchers and developers. Its primary goal is to accelerate the development of advanced therapy
products, ensuring their availability within the Unified Health System (SUS) (105).

A Blueprint for a Modernized CGT Framework

Having explored the current regulatory system for major jurisdictions worldwide, this section proposes a
multi-pronged blueprint for a more efficient and globalized framework. As previously discussed, the
preclinical phase is already evolving, with regulators beginning to embrace innovations like human models
and in-silico designs to address long standing preclinical bottlenecks. However, the most significant and
costly hurdles remain in the clinical phase.

The traditional, linear phase 1-3 clinical trial model is economically unsustainable, creating a “valley of
death” between early stage and late-stage development (106). According to global data, around 50% of
CGT products are unsuccessful in progressing from phase 1 to phase 2, with failure rates increasing to
nearly 75% in phase 2-3 transition. Composite success rates for CGT are low being only 5% (107,108).
Each phase of clinical trials is extremely time-and labor intensive, with out-of-pocket cost estimates in the
US ranging around 30, 65 and 250 plus million US$ for phases 1,2, and 3 respectively (109) An estimate
for the fully capitalized (out-of-pocket plus cost-of-capital) makes the total cost of a successful therapy
even higher, at about 2.6 billion US$ (38).
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This leads to a vicious cycle of low success rates and high costs, which deters investment and puts a strain
on the resources of developers. To recoup the costs of development, the few therapies that do gain
regulatory approval are often priced at exorbitant amounts. This strategy transfers the financial burden to
patients and an already stressed healthcare system, creating significant barriers to access. Ultimately, this
creates a paradox where scientifically brilliant therapies are developed, but the underlying economic
model limits their reach and impact, failing all stakeholders: innovators, investors, patients and regulators
(110).

To address these bottlenecks, we propose a shift to a more flexible and efficient adaptive design. The
proposed pathway starts with developers conducting a preclinical phase, where candidate design, efficacy
and therapeutic studies are conducted in-silico and/or in organoids and humanoids. Once these parameters
have been confirmed, and after consultation with the regulatory agency, the developer submits an IND
application. Upon IND approval, FIH phase 1 trials (incorporating innovative strategies) begin.

The simplest of these are “basket” and “umbrella” trials. A basket trial tests a single therapy across
multiple different diseases that share a common molecular biomarker, while an umbrella trial investigates
multiple different therapies within a single disease. Perhaps the most powerful and efficient trial design
would be platform trials. Like umbrella trials, platform trials evaluate multiple therapies for a single
disease, with the added flexibility of adding or removing treatments during the trial (111). These
strategies, while not widely used, have resulted in success stories in the real world. Larotrectinib and
Pertuzumab have achieved regulatory approval, in both the US and EU, based on basket and platform
designs, respectively (112). Once a candidate has shown good efficacy and safety in innovative phase 1
trials, the regulatory body should meet and approve the next phase, a pivotal (registration) trial. Designed
in consultation with the regulatory agency, the registration trial will be statistically powered to generate
substantial evidence of effectiveness. Crucially, the trial will move beyond traditional single endpoints and
instead utilize patient centric, composite endpoints, utilizing newer statistical methods such as win ratios.
Briefly, win ratio is a statistical method of analysis that compares two cohorts of patients using multiple
pre-specified and hierarchically ranked endpoints and compares each patient in the two groups in a
pairwise fashion, to determine the therapy's overall clinical benefit beyond a single measure like
progression-free survival. This method has been used successfully in cardiovascular trials such as the
TRILUMINATE trial (113). By providing definitive evidence of efficacy in a single, efficient study, the
pivotal trial model can replace costly traditional phase 2 and 3 trials (114). Currently, the US-FDA
facilitates the use of novel trial designs through its Complex Innovative Trial Design (CID) Pilot Program.
However, the scope of this program is limited, as it accepts only a small number of proposals each year,
excluding first-in-human (FIH) studies (115).

Beyond trial efficiency, the vector's design is of paramount importance from a safety perspective. At
present, CGT approvals have mostly been centered around ex-vivo therapies such as CAR-T cells, with
all of the current 7 US-FDA approved CAR-T therapies being ex-vivo, and utilizing either Lentiviral or
Retroviral vectors (4). However, recent studies have demonstrated hematological cancers in CAR-T cell
and gene therapy recipients (116-118). Considering these findings, investigators will continue to develop
strategies to increase the long-term safety of these products by alternating vectors and methods of
delivery. As such, regulatory authorities, developers, and clinicians should all be ready for this change.
The two latest studies demonstrating severe adverse events both utilized lentiviral vectors for gene
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delivery, demonstrating that the design of the vector is critically important from a safety perspective as
the expression of transgene near the integration may increase the risk of oncogenesis (117,118).

Early phase studies to investigate whether lipid nanoparticles (LNPs) and various transposons can be
optimized as an alternative to viral vectors have been initiated, following the resounding success of
mRNA COVID-19 vaccines (119). This may also help with another major concern in globalization of
CGTs, as ex-vivo therapies may not be a practical option for many developing countries due to expense,
rapid availability issues (including supply-chain), and many other factors.

Investigations are currently ongoing to develop in-vivo CGTs for malignant and non-malignant
conditions, which may be a possible solution towards globalization of CGT. In-vivo therapies may have
the advantage of being more economical, practical, and theoretically safer as chemotherapy regimens may
not necessary for conditioning (119). Anticipating these changes, regulatory bodies, in addition to
ensuring the vectors aren’t causing translational mutagenesis, will also need to focus on minimizing “off-
target effects”, which are comparatively more concerning with in-vivo therapies with viral vectors.

A more robust and carefully monitored long term follow-up plan, for clinical trials, would be crucial to
ensure safety of these groundbreaking but often unpredictable therapies (120). In general, the long-term
follow-up plan should be individualized for cellular therapies versus gene therapies given actuarial life
expectancy differences in the populations on which these therapies are utilized. Many CAR-T cell
therapies will be utilized for middle-aged and elderly individuals (especially for myelomas and
lymphomas), whereas majority of the systemic gene therapies currently available for clinical use in
various jurisdictions will be used in younger populations (e.g. pediatric or adolescent patients). Thus, for
pharmacovigilance purposes for real-world studies, a long-term plan is necessary from a regulatory
perspective for CGTs before they are being commercialized.

Conclusions:

As the approval pathways vary from country to country, and timelines for approvals also differ, the global
expansion of CGT is a very complicated process since patients needing these therapies are distributed
globally particularly in low- middle- income countries [LMIC], where the actual burden of inherited
disorders (which may be cured by gene therapies) may be even higher proportionately to well-resourced
nations.

Moreover, the cost of these CGTs is significantly high and may initially lead to access disparities,
unfortunately. Reduction of the direct cost for gene therapies is complicated, however, a conscious
systematic effort jointly by regulators and developers of the CGT (academia or industry) should be
undertaken (ideally prior to initiating clinical trials), especially when the ethical dilemma of life-saving
CGT products for rare/orphan diseases versus cost/distribution is a main consideration for globalization.
One method to lower costs and increase throughput is to integrate innovative strategies in every phase of
drug development. Beyond lowering development costs, innovative payment models will be essential for
ensuring these novel therapies reach the patients who need them.

Recognizing and validating the needs of all stakeholders in CGT is essential to advance in a collaborative
manner; the need of regulators to ensure safety of the novel therapy, the patients' demand for relief from
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rare diseases that are conventionally incurable, and the desire of pharmaceutical & biotechnology
developers to market therapies without delays in development. To mitigate delays in the approval process
without compromising on safety, the following strategies are suggested: a unified regulatory framework in
a region/country rather than multiple authorities with differing requirements, greater emphasis on
communication between regulators, developers (industry or academia), and end-users (clinicians) is
necessary. Multiple regulatory agencies judging a specific therapy can lead to delays in approval as seen
with the case of Glybera, as such, every country or region should ideally have one authority that conducts
a robust evaluation. Delays and rejections may also occur due to regulators’ uncertainty regarding the
minute details in the expectations from developers set by the agencies. Dedicated channels of
communication and real-time feedback at every stage of the process can help set expectations early on.
EMA’s centralized approval framework can be a good example to achieve global access.

Countries whose CGT programs are in infancy should consider facilitating and expediting reviews of
therapies approved by their well-experienced counterparts internationally. For the major players of the
CGT industry, a greater emphasis on inter-agency equivalation should be made early on, and preferably the
clinical trials should be international, so that such therapy approvals can be translated to worldwide
access. Afterall, the translation of the overall goal of bench-to-bedside is measured by time-to-commercial
approval, and then time-to-market, and currently, consideration is the global market consistent of both
developed countries and LMICs.

Irrespective of these critical aspects in developing CGT and the need for rapid globalization, what does not
change is the scrutiny (via real-world evidence generation, pharmacovigilance, and direct reporting) that
the regulators and CGT developers need to pay after approval of these products for years post-treatment,
as this is a new era, and one can never predict the long-term effects of any novel therapy. By embracing a
framework built on advanced preclinical designs, efficient adaptive trials, and a robust commitment to
long-term pharmacovigilance, the global community can build a framework that fulfils the transformative
promise of cell and gene therapy for the 21* century and beyond.
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