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Novel gene therapy medicinal products (GTMPs) are 
complex medicines, often involving manipulation of the 
genome of cells to remove unwanted genes or to modify or 
add therapeutic gene sequences. Such manipulations can 
be achieved with gene editing techniques like the CRISPR/
Cas9 or by using viral vectors. Yet despite the complexity, 
expectations for these products are high. Gene therapies 
have the potential to cure severe conditions such as cancer 
and fundamentally alter the trajectory of many other 
disabling diseases by engineering the correct functionality  
of cells or genes. One has only to look at the efficacy of 
Kymriah and Yescarta, both chimeric antigen receptor (CAR) 
T cell therapies for B cell malignancies, to see the potential.

In this commentary, we discuss key challenges GTMP 
developers are facing. In particular, we look at the selection 
of the virus vectors used in GTMPs, the conduct of  
preclinical studies and the generation of evidence for a 
regulatory review.

The pros and cons of different viral vectors
Currently, most gene therapies are based on viral vectors, 
the most common of which are lentiviruses and adeno-
associated viruses (AAV). The selection of the vector 
is usually made based on the known safety profile and 
expected persistency of the vector, but also on the packaging 
capacity of the vector (size of the gene construct) and specific 
requirements relating to the target tissue and indication. 
Viral vectors can be used in vivo, i.e. by administering them 
directly to the patient, or ex vivo, where (autologous) patient 
cells are procured, genetically modified in vitro and given 
back to the patient (e.g. Libmeldy from Orchard Therapeutics 
for treatment of MLD). Many GTMP developers focusing 
on genetically modified cells are moving from autologous 
products to allogeneic, off-the-shelf products, which utilize 
well-characterised cell banks originating from cells of 
healthy donors. This, however, includes the challenges 
relating to immunological recognition and rejection of foreign 
cells, which necessitates removal of the HLA genes from the 
donor cells using e.g. gene editing. 

Lentiviruses (and other retroviruses) are integrating 
vectors which means that the genetic material which they 
carry is incorporated directly into the chromosome of the host 
cell. These vectors are mainly used for indications where the 
gene expression is expected to be long-term and stable, also 
in cells with high mitotic index. Lentiviruses are also used to 
permanently modify the genotype and phenotype of certain 
cells, like in case of the CAR T cells. 

However, the integration event is not controlled (i.e. 
may happen to any sites in the genome) and it may cause 
changes into the genome and activate oncogenes. In the 
worst case, this may lead to uncontrolled growth of cells 
and development of cancer. Such an event was seen in 
early clinical studies of X-linked severe immunodeficiency 
(X-SCID) where a few treated patients suffered from 
integrational mutagenesis and developed leukaemia.1 In 
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most of the cases, the treatment was successful and the 
gene therapy product provided long-lasting therapeutic 
effect against the X-SCID. Recently, a new leukaemia case 
emerged in one of the treated patients, 15 years after the 
administration, and was resolved with anti-leukaemia 
treatment.2

Later studies have identified that the early retroviral 
vectors contained strong enhancer sequences within viral 
long terminal repeat (LTR) regions, which contributed to 
the activation of the cancer-related genes. This led to active 
development of safer vectors, including self-inactivating 
gammaretroviral and lentiviral vectors.3

However, this example shows the importance of 
understanding the benefits and risks of novel gene therapy 
products and addressing these risks during product 
development. It is important to include genotoxicity studies 
into the development of integrating vectors and have 
pharmacovigilance systems in place to monitor the product 
after it goes to the markets.

AAV vectors have become a popular choice for GTMPs 
due to their good safety profile and there are already AAV-
based products approved in the EU and the US (Luxturna 
for retinal dystrophy, Zolgensma for SMA). Unlike lentivirus, 
this vector is not expected to integrate into the host cell 
genome, but to remain in an episomal form in the cell 
nucleus. However, wild-type AAVs are known to be capable 
of integrating into a specific locus in chromosome 194 and 
recently, recombinant AAVs were reported to have been 
integrated in a dog model5, which highlights a possible 
risk for insertional mutagenesis and cancer also for AAVs. 
However, as of today, there are no genotoxic events reported 
in humans for authorised AAV-products or for those in 
clinical studies. 

On the other hand, non-integrating vectors are suffering 
from lower persistency and it is likely that the DNA 
delivered into the cells by these vectors is likely to get lost at 
some point. AAVs are also known to be immunogenic, which 
currently prevents repeated administration of AAV vectors. 
Many patients have also pre-existing antibodies against 
wild-type AAVs and most recombinant AAV products require 
immunosuppressive co-medication to avoid immunogenicity 
-related safety and efficacy problems.6

Establishing the safety of gene therapy targets
Both Kymriah and Yescarta target the CD19 antigen, which 
is expressed exclusively on B cells, both malignant and non-
malignant. Since the CAR T therapy-related B-cell aplasia 
can be treated by immunoglobulins, CD19 could be used as a 
target for CAR T immunotherapies for B-cell malignancies.

In other cases, target selection can be fraught with 
difficulties. For example, a developer may identify a target 
which is deemed to be tumour specific. But if, on later 
examination, this target is naturally occurring in the body, 
there is a risk of directed toxicity against healthy cells. With 
a conventional drug, a chemical substance, the developer 
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first finds out if it reacts to receptors in the cardiovascular 
system in vitro. If it does, the developer most likely 
terminates the project. The next step is safety pharmacology 
studies in animal models. If there is an adverse reaction in 
the cardiovascular system or CNS, the developer likewise 
ends the project. When it comes to modified T cells, these 
methods do not work. A developer cannot inject human  
cells carrying a human receptor into animals and have a 
relevant readout. Consequently, the developer is hampered 
by the lack of in vivo models, in which to generate crucial 
safety data.

Unfortunately, there is no simple way to circumvent this 
problem. The safety of such GTMPs boils down to more or 
less relevant in vitro methods or complicated homologous 
in vivo models (animal-derived product in the autologous 
species). Nowadays, there are high throughput models 
where developers can test their gene-modified cells against 
practically every existing protein. The problem is knowing 
how valid and sensitive these tests are compared to what 
will happen when the cells are injected into humans. GTMPs 
are incredibly potent products and if the wrong cells are 
targeted, the consequences can quickly be lethal.

Kinetics is another challenge. If a conventional drug 
shows adverse effects, a patient stops taking it. Within a 
certain amount of time, from hours up to a few months, 
the drug is washed out from his/her system. CAR T cells 
are a living drug which means that once activated by the 
correct receptor, the cells divide and the patient gets a drug 
response that continues for as long as there are targets. If a 
patient and caregiver act quickly, some of the adverse effects, 
for instance the cytokine storm, can be successfully treated. 
Nevertheless, once active the CAR T cells will continue 
to destroy the patient’s B cells to some degree despite 
pharmaceutical measures to block this response.

For most gene therapy products, the nonclinical safety 
programme is often handled on a case-by-case basis. In this 
case, discussions with regulatory authorities can be expected 
to include questions about whether relevant safety data can 
be generated in vitro; what type of animal model should be 
used for safety studies in relation to the intended clinical 
use and if two species should be used; whether the animal 
model expresses the receptor that the vector needs in order 
to enter cells; whether the transgene is pharmacologically 
active in the chosen animal model; if the expressed protein 
is active and intact over time; how to address the PK of the 
expressed transgene including immunogenicity (local and 
systemic); safety assessment upon administering the vector 
to vulnerable sites in the body and differences in size of 
such structures between man and animal; dose-selection 
and margins of exposure and what duration of time the 
preclinical study should be in relation to the length of 
expression of the transgene. It is vital that a developer can 
justify the choice of the animal model(s) and design of the 
studies, otherwise the data might be regarded as irrelevant 
to the non-clinical safety of the product.

Evidence generation for GTMPs
Regulatory decisions for any new medicinal product, be it an 
application for a clinical trial or for marketing authorisation, 
are always based on the benefits and risks of the product, 
determined by all information and data available at the 

time of the application. This includes information related 
to manufacturing and quality controls (CMC), pre-clinical 
studies (pharmacodynamic and -kinetic studies, mode of 
action, safety) and clinical safety and efficacy studies. In 
addition, for those risks that are not addressed by data, 
there should be proper risk mitigation measures in place 
and controls established through a risk management plan 
(RMP) and pharmacovigilance (PhV) activities. The overall 
requirements may vary between products and are highly 
dependent on the risks of the product and the intended 
indication.  

Many of the gene therapy clinical trials are conducted in 
patients with rare diseases, where populations are small. 
This may hamper the CMC development, if based on patient 
cells, and clinical data generation. Moreover, the durability 
of the clinical effect and late emerging safety concerns may 
require a very long follow-up of patients. This can make 
the pivotal clinical trials lengthy and data generation 
cumbersome. For all GTMPs an early risk analysis and 
carefully considered target product profile (TPP) are 
recommended, to support the design of the product, but also 
design of all necessary non-clinical and clinical studies to 
satisfy the regulatory requirements.

References:

1. Hacein-Bey-Abina,S., Garrigue,A.,Wang, G.P. et al. Insertional 
oncogenesis in 4 patients after retrovirus-mediated gene therapy 
of SCID-X1. J Clin Invest. 2008;118(9):3132-3142. doi.org/10.1172/
JCI35700

2. Six, E., Gandemer, V., Magnani, A. et al. LMO2 Associated Clonal 
T Cell Proliferation 15 Years After Gamma-Retrovirus Mediated Gene 
Therapy for SCIDX1. Abstract 753, ASGCT 20th Annual Meeting, 
2017.

3. Cavazzana, M., Bushman, F.D., Miccio,A. et al. Gene therapy 
targeting haematopoietic stem cells for inherited diseases: progress 
and challenges. Nat Rev Drug Discov. 2019 Jun;18(6):447-462. doi: 
10.1038/s41573-019-0020-9

4. Samulski RJ, Zhu X, Xiao X, Brook JD, Housman DE, Epstein N, 
Hunter LA. Targeted integration of adeno-associated virus (AAV) into 
human chromosome 19. EMBO J 1991;10:3941-50. erratum 11:1228.

5. Nguyen, G.N., Everett, J.K., Kafle, S. et al. A long-term 
study of AAV gene therapy in dogs with hemophilia A identifies 
clonal expansions of transduced liver cells. Nat Biotechnol. 2021 
Jan;39(1):47-55. doi: 10.1038/s41587-020-0741-7

6. Verdera, H.C., Klaudia Kuranda, K. and Mingozz, F. AAV Vector 
Immunogenicity in Humans:A Long Journey to Successful Gene 
Transfer. Mol.Ther.2020; 28(3):723-746


