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Introduction
Cell therapy has become an important pharmaceutical asset class in 
recent years, in part due to the discovery of T-cell receptors (“TCRs”) and the 
development of chimeric antigen receptors (“CARs”). The clinical promise 
of CAR-T cell therapy has attracted both scientific and financial interest as 
companies, universities, researchers and clinicians work to harness the immune 
system and engineer novel CAR-T cell therapies to address a number of high 
unmet medical needs. Today there are more than 130 commercial and more 
than 30 academic organisations developing CAR-T cell therapies across all 
phases of development, accounting for approximately 13 percent of all players 
working in the cell and gene therapy space.1
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Despite this surge in interest, many cell therapy products come with significant safety and toxicity issues and the crowded 
market makes differentiation an increasing challenge. As a technology, gene editing opens a number of possibilities in the 
development of novel, safe and effective immuno-oncology cellular therapies. Shown to be effective in generating safer 
autologous CAR-T products, gene editing can be a key component of any cell therapy strategy.2 

Companies considering the potential of gene editing to improve or augment their portfolios have at  
their disposal a range of gene editing tools, including ZFNs, TALENs, CRISPR/Cas9, “base editing”, and 
CRISPR-Cas13 (for RNA editing). Before committing to any gene editing in any product development 
strategy, however, it is important to ask critical questions, such as:

In addition, common to the use of any gene editing tool are a number of scientific and strategic considerations with 
repercussions at every stage of product development, and that will ultimately impact the risk-benefit ratio of using 
such technologies. Based on our work with leading pharma and biotechnology companies, we have compiled a set of 
observations and recommendations that both companies and investors should carefully consider before embarking on a 
space that presents both a number of hurdles and exciting opportunities. This paper addresses some of the key operational, 
technical, legal and commercial implications of investing in the combined space of cell therapy and gene editing.

Does this approach significantly improve my product  
to enable it to address a high unmet need?

Are there alternative means of achieving similar product 
performance or characteristics?

Is this an opportunity to differentiate, and protect,  
my product from competitors?

Do I have the right expertise, or necessary funding,  
to support the additional development and 
manufacturing complexity?

How will this affect my regulatory strategy?

GENE EDITING YOUR CELL THERAPY
5



Gene editing adds complexity 
to the manufacturing process
Using gene editing in the preparation of any cell therapy product, whether allogeneic or autologous, adds an additional 
step in an already complex manufacturing process (Fig. 1). This additional GMP-compliant unit operation, with all the 
required technical development and validation that comes with it, will impact development and production costs, process 
efficiency and introduce additional risk into the production chain.
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Figure 1. Example of an autologous gene modified T-cell therapy manufacturing process 
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Validation
Validation of a product after gene editing may require the development of new assays to demonstrate that editing 
the cells has resulted in the desired modification with no undesired side-effects (e.g. phenotypic or genomic).3 As the 
combination of cell type and engineering may be unique, the likelihood of off-the-shelf assays being available is low. 
Therefore one will likely have to adapt existing or develop entirely new assays. This non-trivial undertaking could take 
anywhere from 6 to 18 months from end-to-end to design, develop and validate, resulting in additional R&D costs and 
manufacturing operating costs.4

Product yield
Adding one more step in the manufacturing process also means decreasing the overall product yield. Introducing the gene 
editing components into the cells may be done in a variety of ways (Fig. 2), none of which will be 100% efficient. Once in 
the cells, the rate of successful editing will not be 100% efficient across the population of cells which have received the 
components. Compounded, these two factors, which often depend on the type of cell and genomic location being edited as 
well as the choice editing machinery itself, will reduce the overall yield of your final product. This could be a particular issue 
in cases where only low amounts of starting material are available (e.g. pediatric diseases).

Sourcing material
The third point to consider with regard to the additional manufacturing burden is the need to source GMP-compliant gene 
editing products. If one is relying on ‘off-the-shelf’ and readily-available GMP gene editing products, this may be a lesser 
issue, as a number of industry vendors now offer such products (e.g. Aldevron5). 

However, if for example one is developing a custom editing system such as a newly discovered Cas nuclease, you will have to 
confirm the sourcing of this material, under GMP-conditions. Developing such a process in-house could take up to 12 months 
from initial method development to GMP product delivery, while outsourcing to a single supplier can introduce supply risks.5

Virus 
transduction

Gene 
editing
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Figure 2. Additional manufacturing step decreases product yield 



The components required for gene editing can be delivered into a cell in different ways. Each delivery mechanism will have 
its unique characteristics, and choosing requires careful consideration of their advantages and drawbacks in the product 
development context. Key considerations for choosing a gene editing delivery system and the implications of various 
choices are summarized in Fig. 3 and in more detail below. Of course, the choice of delivery may also be influenced by the 
gene editing method, as not all are suitable for every technology.

Choice of cell type
Often the choice of delivery mechanism is dictated by the cells to be edited. Sensitive cells such as embryonic stem cells 
(“ES”) or natural killer cells (“NK”) typically respond poorly to electroporation or lipid transfection.6 This can result in 
undetectably low editing rates or significant product loss. Consequently, there is often little choice but to use a virus to 
ensure sufficient editing. Targeting dividing and non-dividing cells should also be considered. As the target cell type is a 
fixed variable, understanding how these respond to different delivery methods is typically the very first step as this could 
rapidly narrow down the choice. 

Time in cell
One key difference between delivery methods is the time the gene editing machinery spends within the cells. For example, 
consider the delivery of CRISPR/Cas9 as a DNA plasmid. For editing to occur, the components must be transcribed from the 
plasmid and translated by the cell before they can effect a change. This means it can take up to 48 hours to edit more than 
50% of the cell population. In contrast, delivery as a ribonucleoprotein complex (“RNP”) directly to the cytoplasm can have 
a similar effect in just 12 hours—a significant difference in the context of a manufacturing process. The persistence of the 
components is another important consideration and one which regulatory authorities will enquire about. For example, a 
plasmid-generated CRISPR was shown to still be present in the cells after 72 hours whereas the RNP complex had almost 
entirely cleared after 24 hours.6

Choice of delivery mechanism 
impacts final product
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Figure 3. Gene editing delivery systems: key considerations and implications

Delivery  
Systems

Time  
in Cell

Max Editing 
Efficiency*

Off-Target 
Potential

Toxicity  
to Cells

GMP  
Availability

RNP LOW LOW LOW LOW LOW

mRNA MID MID LOW LOW LOW

DNA Plasmid HIGH HIGH HIGH MID HIGH

Integrative Virus HIGH HIGH HIGH VARIABLE HIGH

Non-integrative Virus MID MID HIGH VARIABLE HIGH

*This is a theoretical assessment, as maximum editing efficiency remains variable across all delivery methods. 



Off-target potential
Longer persistence of editing components in the cell may also result in more off-target effects (“OTEs”)—i.e., undesired 
edits in the genome at locations other than the intended target (Fig. 4). For example, in the case of CRISPR/Cas9, studies 
have demonstrated considerably higher OTEs caused by plasmid delivery compared to RNP and mRNA. Nevertheless, we 
recommend a thorough comparison of delivery methods, as editing rates tend to vary across genomic loci and cell types, 
and maximizing editing efficiency may be a suitable trade-off against the risk of additional OTEs. 

Chance of Integration

Using a viral or plasmid delivery has 
the added risk of random genomic 
integrations. While this may not be 
a critical issue (after all, CAR genes 
for example are typically delivered 
using an integrative virus such as 
lentivirus which is generally regarded 
as safe), it is necessary to quantify 
and characterize integration rates. 
As these integrations are often 
random, they can have a range of 
consequences: from triggering an 
immune response or cell apoptosis, 
to none detectable. In the context 
of developing a safe therapeutic 
product, characterization of these 
events across multiple batches to 
show a consistent safety profile is key. 

Relative Cytotoxicity 

Gene editing components are 
generally well tolerated by cells, 
though not in excessive doses. 
Studies have shown, for example, 
that high amounts of Cas9 protein 
build up can have cytotoxic effects.6 
This may be controlled by using 
endogenous pathways to express 
the editing nuclease, though this will 
be in competition with other cellular 
processes. Plasmids too have been 
shown to impact metabolic burden on 
cells, as often the use of exogenous 
promoters drives transcription rates 
far greater than endogenous ones. 
This should be assessed early on in 
the development cycle as strategies 
to mitigate these effects may impact 
product yield or the targeted product 
profile, for example.

Availability of GMP Material

Finally, consider again the relative 
availability of GMP-grade material. 
For example, GMP virus and DNA 
are more readily available than RNP 
for CRISPR editing: only a couple of 
vendors (including Aldevron) currently 
offer GMP-grade Cas9 nuclease while 
the choice for GMP plasmids counts at 
least 10 vendors and GMP lentivirus 
at least six.7 This is principally an 
issue if you are using CRISPR gene 
editing, as was highlighted in 2018 by 
scientists at Juno, a Celgene company, 
who remarked on the shortage of 
providers meeting the criteria for 
making GMP-grade Cas9 nuclease 
and guide RNAs.8 

Desired,
on-target editing

Undesired,
off-target editing can cause:

• Unwanted mutations
• Potential adverse effects
• Genomic instability
• Cell death
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CONSIDERATIONS WITH REGARD TO OTEs AND THEIR IMPACT

Figure 4. Effects of undesired, off-target editing



Dealing with  
off-target effects
The risk of OTEs (i.e. undesired edits in the genome at locations other than 
the intended target) is present in any gene editing technology. OTEs can 
produce unwanted phenotypes or jeopardize clinical safety of the product. 
Detecting and characterising OTEs is a key part of developing any gene-
edited cell therapy and there are a number of strategies available to do so. 
Key considerations and their implications on costs, timelines and freedom 
to operate are discussed below.
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Informed design reduces  
potential off-target effects
First, at the design stage, it is important to use advanced 
bioinformatics algorithms to design nucleases while 
minimising the theoretical number of OTEs. Nucleases 
can be scored by the number of genomic locations 
they are predicted to also cut, and the likelihood of 
these cuts. These scores can be used to reduce the 
design space. For example, by imposing a minimum 
score of 90 (using a well-known scoring matrix) to a 
standard CRISPR/Cas9 targeting CD52, you can rule out 
approximately 75 percent of CRISPR guide RNAs and 
obtain a narrowed-down list of candidates with lower 
likelihoods of OTEs. From this shortlist, the next step is 
to detect bona fide OTEs.

Detecting off-target effects
While bioinformatics-predicted OTEs are a natural place to 
check, this ‘biased’ approach has high false positive and false 
negative rates (Fig. 5). For example, multiple research groups 
have discovered OTEs occurring at non-bioinformatics 
derived locations and have shown many predicted sites 
with no detectable evidence of editing.9 It is therefore best 
to use an ‘unbiased’ and genome-wide approach to detect 
OTEs. This is also now a regulatory requirement.

There are many genome-wide OTE detection assays 
under development each with its advantages, drawbacks, 
limits of detection and IP constraints. There is currently 
no gold standard among these techniques. As such, 
when selecting one, it is key to consider the technique’s 
sensitivity, specificity and the types of OTEs detected. 
Selecting just one method may not be enough and a 
thorough assessment may require the use of two or  
more techniques.

‘BIASED’

‘UN-BIASED’Genome-wide 
OTE assessment

Actual bona fide OTEs
Unfortunately, no approach today is 

comprehensive and exhaustive

Bioinformatics
derived OTEs
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Figure 5. Biased and unbiased detection methods don’t often agree on where OTEs might be present. In fact, the true, 
detectable list is usually a subset of the intersection of both along with individual OTEs from just one method.



Regulatory requirements
While regulatory guidelines do not dictate which method 
to use for detecting OTEs, they do specifically require 
unbiased genome-wide detection of OTEs and their 
subsequent validation in a “representative cell type”. 
An analysis of potential translocations or chromosomal 
deletions is also required. 

Ultimately, it is the responsibility of the developer to 
demonstrate that, should OTEs exist, these can be 
detected and characterised, and also to demonstrate the 
safety of their consequences. The key parameter in this 
discussion is the overall risk-benefit ratio and we strongly 
recommend you engage regulators early on in your 
development process.

Impact on product development 
and manufacturing
Considering the variation in genetic backgrounds for 
starting materials (of healthy donors in the case of 
allogeneic and of patient donors in the case of autologous 
therapies), we recommended characterising the nuclease 
across multiple donors to verify whether such genetic 
variation will impact nuclease on- and off-target editing.

It remains unclear whether an OTE assessment will be a 
product release criteria for every batch. A comprehensive 
validation is certainly a CMC requirement and subsequent 
process changes are likely to require confirmation of the 
OTE validation (depending on the nature of the change). 

Validating off-target effects
Once the presence of OTEs has been detected, it is key to determine their frequency, size and the potential impact of these 
sequence modifications (Fig. 6). One straightforward and robust method is targeted amplification and sequencing of the 
identified locations using next generation sequencing (“NGS”). Although useful in determining any sequence modifications 
and the rate at which these occur, this method does not characterise any phenotypic impacts of OTEs. Additional tests will 
be needed to assess if OTEs have altered more than just the genome’s sequence, such as a change in expression profile, 
and cell growth.

Note that all these assays are destructive. This must be taken into account during product development, as well as going 
forward in the development of GMP manufacturing processes. 
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Figure 6. Sequential prediction, detection and validation of OTEs can help narrow down the choice of best gene editing 
candidate for your cell therapy product. 
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Multiplexed gene editing is the ability to effect two edits in the same cell. This power technique opens new editing 
possibilities for developing transformative and differentiated cell therapies. For example, the ability to knock-out genes 
encoding for HLA and cell surface markers targeted by existing treatments results in greatly reducing the risk of GvHD 
while simultaneously increasing the persistence of the edited cells in the body. 

Like small insertion and deletion OTEs, translocation OTEs should also be detected and characterized. Some unbiased 
genome-wide techniques mentioned earlier will enrich for such events (e.g. HTGTS and Di-genome- Seq). Long-range 
sequencing (e.g. PacBio) can also remain prohibitively expensive at the depths required to detect such low frequency 
OTEs (reported at 104 to 102 in one study).12 FISH, karyotyping and comparative genomic hybridization can also be useful 
techniques, though they have limitations such as low limits of detection or the inability to detect all types of genomic 
rearrangements. As well as characterising the genomic DNA nature of the OTE, consider the phenotypic impact of 
translocations by looking for activation of oncogenes or inactivation of tumor suppressors, for example.

Multiplexed gene editing 
increases options

KEY CONSIDERATIONS

INTELLECTUAL PROPERTY CHALLENGES

Using gene editing in your product portfolio inevitably raises the questions of intellectual property (IP) and freedom to 
operate. This can significantly influence your choice of technology, both strategically and commercially.

Today, there are more than 550 patents with claims to CRISPR and/or Cas9 issued by the USPTO and EPO together and 
“more than 4,500 patent families filed (but mostly not yet granted) around the world,” according to the Broad Institute.13 
The IP landscape for most gene editing technologies is already crowded, but for CRISPR it is particularly complex. The 
outcome of the battle between the Broad Institute and UC Berkeley will certainly influence the patent landscape going 
forward, but the IP consideration should go beyond these two core patent families.

Impact on manufacturing 
More edits does mean more complexity. One question 
will be whether both edits are carried out in parallel 
or in sequence. Doing so in parallel can help speed up 
the overall process, but how do you ensure each cell 
receives both sets of components? Editing in sequence 
will maximize the efficiency of both edits across the 
whole cell population but will add a further operational 
unit, reduce yields and strengthen production times.

Off-target potential 
The more edits made the greater the potential 
for OTEs, including larger, more complex 
types of OTEs such as structural and genomic 
rearrangements.10,11 For example, one study 
using two TALENs to simultaneously edit the 
TRAC and CD52 genes in human T cells detected 
translocations between each loci.
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Evaluate the additional manufacturing complexity: cost, yield, sourcing 
of product. Considering manufacturing constraints early on the product 
development will minimize surprise down the road.

Carefully evaluate the choice of gene editing technology and delivery 
method. Other than cost and IP considerations, these can have a significant 
impact on manufacturing yield and final product characteristics.

Weigh the risk-benefit ratio of gene editing, in particular when validating 
off-target effects.

Cautiously add more edits as these can trigger new and more complex 
off-target effects as well as increase manufacturing complexity and 
potentially decrease product yield.

Consider the IP implications of adopting gene editing. Though the 
landscape is crowded and complex, it is continuously evolving and the 
advantages of the technology often outweigh the additional legal burden.

Engage with regulators early on in the development process 

1

2

3

4

5
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CONCLUSION
Gene editing and cell therapies are naturally allied technologies for developing novel, 
breakthrough medicines. Gene editing opens possibilities in cell therapy including 
improved product safety, more specific and efficient therapies, and differentiated 
products in a crowded market.

As you evaluate investing in this technology, here are our key recommendations 
that should form part of any assessment framework that evaluates the risks and 
benefits of using gene editing: 

Given this ever-evolving and uncertain landscape, some may see only the major 
risks involved in the development of a new product. Other organisations may 
see an opportunity to develop their own technology or improve on existing 
technology to carve out a niche in the market. We recommend that any 
organisation, whether emerging or already well-versed in the gene editing space, 
should undertake a thorough assessments of the key risks, opportunities and 
investments that will be required to bring these promising treatments to market.
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TERMINOLOGY

Zinc Finger Nucleases, or “ZFNs”, are one of the first programmable nucleases discovered in 2001 for site-directed gene editing. 

Transcription activator-like effector nucleases, or “TALENs”, are another form of programmable nuclease. These recognise 
double stranded DNA thanks to TAL-effector binding domains, which are fused to a DNA cleavage domain inducing the 
double stranded break. Published in 2010, these are often regarded as an improved ZFN.

In both ZFNs and TALENs, recognising the target genomic DNA sequence is done by a DNA recognition protein. This means 
for every new site to be edited, the protein has to be re-engineered.

CRISPR/Cas9 is a system in which the DNA-cutting protein is constant, and DNA recognition is directed by a short RNA 
molecule, called a guide RNA. This is a significant evolution on ZFNs and TALENs as the speed and cost of engineering a new 
short RNA molecule is orders of magnitude lower than engineering a zinc finger or TALEN protein.

CRISPR/Cas refers to the CRISPR gene editing system using a Cas9 nuclease. CRISPR stands for clustered regularly 
interspaced short palindromic repeats. This in reference to its origins as a bacterial immune system. Published as a 
eukaryotic gene editing tool in 2013, CRISPR is a significant evolution on ZFNs and TALENs. 

“Cas” in CRISPR/Cas refers to DNA-cutting protein (the Cas nuclease). It stands for “CRISPR associated” and is usually 
followed by a number indicating which Cas nuclease is being used. The most common DNA-targeting CRISPR nuclease is 
Cas9. New Cas systems have also been discovered such as Cas-12a and Cas-13, the latter targeting RNA instead of DNA.

Base editing is an engineered CRISPR system which uses additional components to introduce DNA or RNA point 
mutations without making single or double stranded breaks.
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