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Two chimeric antigen receptor (CAR)-T cell 
therapies (KYMRIAH® and YESCARTA®) 
are approved by the US Food and Drug 

Administration (FDA) and the European Medicines 
Agency (EMA) to treat B cell acute lymphoblastic 
leukaemia in children and young adults and diffuse 
large B cell lymphoma in adults, respectively. Both 
of these therapies resulted in high objective 
response rates (~80% of treated patients) during 
clinical trials1,2. Despite these approvals, questions 
remain over whether cell therapies, such as CAR-T 
cells, represent a new era of frontline therapy with 
potential significance to match that of monoclonal 
antibodies or whether they will be an effective, but 
niche, approach for a narrow range of indications 
and a relatively small number of patients. This is 
primarily owing to the challenges encountered 
when treating patients with solid as opposed to liq-
uid tumours. It is likely that CAR-T cells will need 
to up their game through genetic engineering if they 
are to have efficacy in the notoriously immunosup-
pressive solid tumour microenvironment.  

 
From approved CARs  
to universal CARs 
Currently, CAR-T therapies are constructed using 
the patient’s own T cells where, on removal from 
the patient, they are expanded and transduced with 

a CAR, which binds a specific protein on the sur-
face of the tumour cells. Therefore, when infused 
back into the patient, the CAR is able to recruit the 
T cell to a tumour cell and allow it to engage with 
that cell. Engagement sends a signal to the CAR-T 
cell to attack the attached cell, leading to the death 
of the tumour cell. In this paradigm, the CAR acts 
almost as a targeting system for the effector com-
ponent of the therapy, which is the T cell. 

The process of generating the CAR-T cells 
described above and used to generate both KYM-
RIAH and YESCARTA is known as autologous 
cell therapy. This process takes time, has demon-
strated issues with process control and is one of 
the major contributors to the high treatment price 
of these therapies. The ‘vein-to-vein’ time to treat 
patients with these therapies is two to three weeks, 
consisting of several different steps leading to a 
complex manufacturing and supply chain. In fact, 
by the end of 2019, Novartis had been unable to 
ship a KYMRIAH product 10% of the time due to 
manufacturing failures or out of specification 
issues3. As a result, a number of companies are 
attempting to develop allogeneic or universal ther-
apies, whereby a single source of donor cells is 
used to create a bank of CAR-T cells to treat mul-
tiple patients in a process more analogous to tra-
ditional biologics manufacturing. However, to 
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Will the next generation  
of CAR-T cells be modified 
using base editing?

Base editing is a potentially transformative technology for engineering DNA in 
cells that has the potential to generate knockouts or correct certain errors or 
mutations in the DNA for applications such as cell or gene therapies. 
Compared with currently-available gene editing methodologies such as 
CRISPR/Cas9, which creates ‘cuts’ in the gene that can lead to unintended 
adverse or negative effects, this new technology allows for precise gene editing 
without introducing these genomic changes that could lead to deleterious 
effects in patients. 



develop allogeneic therapies, considerable changes 
to the T cells need to be engineered. 

To date, substantial improvements to the efficacy 
of CAR-T cells have come from altering the design 
of the CAR, such that activation of the T cell is 
improved. However, aside from the expression of 
the CAR, current approved CAR-T cells are largely 
unmodified, with the T cell essentially being in its 
natural state. Modifying the T cell could improve 
its capability to target cancer cells by reducing its 
capacity for exhaustion, for example. And, to 
enable targeting of solid tumours and therefore 
move beyond a relatively small patient population 
served by the approved indications for KYMRIAH 
and YESCARTA, a number of natural obstacles 
need to be overcome. For example, numerous 
cytokines secreted by tumours inhibit trafficking of 
T cells and the immune suppressive nature of the 
tumour microenvironment means that T cells are 
less able to exert their cytotoxic effect on tumour 
cells should they reach the tumour periphery. For 
allogeneic CAR-T cells, additional challenges exist 
in that these cells could be viewed as foreign by the 
patient’s immune system and killed soon after deliv-
ery. Allogeneic CAR-T cells also pose a risk of trig-
gering graft versus host disease (GvHD), where the 
engrafted T cells see the patients’ tissues as foreign 
and attack them as well as the tumour cells. Thus, 
allogeneic CAR-T cells must be modified so that 
they persist for long enough to be effective and do 
not induce GvHD. 

What is clear is that there are a number of differ-
ent ways in which CAR-T cell therapies can be 
improved through altering the underlying biology 
of the T cell, allowing them to respond differently 
to intra- or extra-cellular stimuli. As such respons-
es are often mediated through differential regula-
tion of target genes, methods for modifying specific 
genes to achieve a desired phenotype is a key area 
of research within the cell therapy field.  

 
Engineering the next  
generation of CARs 
It is only relatively recently that genome engineer-
ing technologies have progressed to the point that it 
is conceivable to use these techniques in a therapeu-
tic setting. Well-known approaches such as zinc fin-
ger nucleases (ZFNs), transcription activator-like 
effector nucleases (TALENs) and clustered regular-
ly-interspaced short palindromic repeats-CRISPR-
associated protein (CRISPR-Cas), use similar mech-
anisms of action to engineer the genome. The most 
common type of engineering event is knockout of a 
gene, primarily because from a technical perspec-
tive this is the simplest and most efficient way to 

modify a genome. To modify a gene so that it can 
no longer produce mRNA and from that protein, 
traditional editing techniques target a specific DNA 
sequence and use a nuclease to cleave the DNA and 
generate a double-strand break (DSB). In mam-
malian cells, these breaks are predominantly 
repaired using non-homologous end joining 
(NHEJ), an inherently error-prone mechanism of 
DNA repair. Often bases will be added or excised 
from the break point leading to the creation of 
insertions or deletions (‘indels’) when the broken 
ends are rejoined. If these indels change the reading 
frame of a gene (frameshift mutation), this will 
often lead to a nonsense mRNA and thereby a func-
tional knockout of the target gene. If targeted cor-
rectly, ZFNs, TALENs and CRISPR-Cas editing 
technologies have high editing efficiencies. Such 
approaches are being used to improve CAR-T ther-
apies, so why are there not more genetically-engi-
neered CAR-T therapies available? 

One reason for this is time. Although generation 
of CAR-T cells is not simple, the first CAR-T thera-
py approved was always likely to be technically the 
simplest. As described above, even with relatively 
few interventions, the manufacturing of this therapy 
is far from simple. As such, an understandable strat-
egy is to improve on these existing therapies, for 
example through engineering an allogeneic platform 
instead of an autologous one using the same effec-
tive CAR design present in KYMRIAH and 
YESCARTA. Indeed, a number of such allogeneic 
CAR-T cells have entered clinical trials with genome 
engineering steps included. However, none of these 
CAR-T cells have more than three genes modified 
and some estimate that up to 10 genetic changes 
could be required to produce robust, efficacious and 
safe allogeneic CAR-T cells to treat solid tumours. 
So why have CAR-T cells with higher numbers of 
altered genes not entered clinical trials? 

The main reason for this is that of the concern 
around patient safety as a consequence of genome 
engineering. These safety concerns can be broken 
down into two main categories. The first is off-tar-
get effects. ZFNs, TALENs and CRISPR-Cas engi-
neering platforms have to bind to a specific 
sequence in the DNA to modify a gene of interest. 
But there are often other sequences in the genome 
that are highly similar to the target sequence and 
are bound by the nuclease in error. In this scenario, 
additional genes could be knocked out and these 
could have deleterious consequences for the patient. 
One obvious example is if the gene knocked out is 
a tumour suppressor gene – this could lead to the 
patient being infused with a potentially cancerous T 
cell and if that T cell survives long term in a success-
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fully-treated patient, that patient could go on to 
develop a leukaemia driven by the engineered T 
cell. The risks of off-target effects are currently mit-
igated by exhaustive analysis of potential off-target 
knockout generation using a combination of in sil-
ico and lab-based techniques. If any off-target sites 
are found, then either the engineering reagents need 
to be redesigned, or a risk assessment performed to 
analyse the consequences of knocking out the iden-
tified off-target genes. This could be done by gener-
ating cell models containing deliberate knockouts 
in those genes to analyse the phenotype generated. 
However, where multiple off-target loci are identi-
fied, the consequence of knocking out different 
combinations of the genes needs to be assessed as 
this can be very different to the impact of knocking 
out genes in isolation. Importantly, there is current-
ly no agreed industry standard for identifying off-
target effects and there remain difficulties in estab-
lishing comprehensively where any off-target bind-
ing occurs.  

The second safety concern revolves around the 
generation of DNA DSBs that are inherent to the 
efficiency of the technologies. If the DNA is broken 
in more than one place through introducing DSBs 
in several genes at the same time, the NHEJ repair 
pathway could rejoin the loose ends incorrectly, 
leading to chromosomal translocations. Although 
the likelihood is that such aberrations in the 
genome will lead to the death of the cell, there is a 
risk that one of these translocations could confer a 
proliferation or survival advantage to the T cell, 

potentially leading to a pro-cancerous cell. The 
impact translocation is much harder to predict 
than that of a simple gene knockout, as it is 
impacted by the precise indel on both sides of the 
break and whether this generates a functional 
hybrid protein with cancer-causing effects. Such 
alterations are difficult to model using in vitro 
techniques, as replicating a precise translocation is 
technically challenging. The unpredictability of 
these translocations means that even targeting only 
two genes could lead to unintended consequences, 
even though there are only four possible transloca-
tions (assuming no off-target events) to attempt to 
model. If one assumes that multiple genes will need 
to be targeted simultaneously to substantially 
improve the efficacy of allogeneic CAR-T cells, the 
prediction of possible translocations becomes 
exponentially harder. For example, if one were to 
target only three genes and assume two potential 
off-target sites for each engineering event, this 
would require mapping 768 different transloca-
tions to be modelled and this is without allowing 
for the impact of different frameshifts generated 
after each indel formation (Figure 1).  

It is important to note that different technologies 
have different rates of off-target binding and as the 
significance of off-target editing induced by tradi-
tional gene engineering technologies is of concern 
to developers of cell-based therapeutics, the indus-
try is always looking to improve these technolo-
gies. It is not uncommon to hear discussions 
around 6-10 knockouts being required to achieve 

Figure 1 
Graph depicting how the 
number of possible 
translocations increases 
exponentially as the number of 
DSBs increase (through 
increased genes targeted, 
unwanted off-target editing or 
a combination of both)
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the complexity of engineering needed to improve 
the efficacy of CAR-T cells such that they can 
impact solid tumours more effectively. If this is 
done in a single step, assessing the off-target effects 
effectively rapidly becomes unfeasible, so the ques-
tion then becomes how to generate this level of 
engineering without the associated off-target risks. 

 
Addressing the challenge  
of multiple genetic edits 
One of the simplest ways of achieving this is to per-
form multiple rounds of engineering, thus minimis-
ing the number of breaks occurring simultaneously. 
However, this has obvious implications around the 
time taken to generate the engineered cell, and is 
likely incompatible with an autologous therapy, 
where a patient with a rapidly advancing cancer 
does not have weeks to wait for an effective thera-
py. Allogeneic therapies, particularly those using 
clonally-derived cell lines such as induced pluripo-
tent stem cells, might be more amenable to this 
approach, but development time is still crucial. 
Equally, even with only a few engineering steps, the 
burden of off-target events and consequences on 
potential translocations is not to be dismissed. 
Perhaps a more satisfactory solution would be to 
use a technology that mitigates the risk to patients 
through minimising the generation of DSBs and the 
impact of off-target gene editing. 

One such technology that has received signifi-
cant attention recently is base editing. This tech-
nology works by using a deaminase enzyme to 
carry out a transition mutation that converts one 
base to another specific base and does not require 
a DNA DSB. There are naturally-occurring cyto-
sine deaminases that convert cytosine to thymine, 
and recently a synthetic adenosine deaminase has 
also been developed that converts an adenosine to 
a guanine. One of the initial therapeutic focuses of 
base editing was as a tool for gene therapy, with 
transition mutations believed to be able to address 
60% of the disease-causing point mutations that 
make up the majority of human pathogenic muta-
tions. However, in the context of modifying T cells 
to become effective CAR-T cells, what is equally 
important is the ability to use base editing to gen-
erate a stop codon, preventing gene transcription 
and thereby knocking out the gene.  

Current base editing systems work by using a 
guide RNA and a modified Cas protein that nicks 
the DNA rather than producing a DSB. The guide 
RNA brings the Cas to a particular genomic loca-
tion and through various approaches, this platform 
can also bring with it a deaminase, either through 
an interaction of the deaminase with the Cas pro-

tein or with the guide RNA. The deaminase, along 
with specific parts of the host cell DNA repair 
mechanisms activated by the Cas protein nicking 
the DNA, converts the target base, in this case a C 
of CGA codon to a T to generate TGA, a stop 
codon.  

What is of course key to this technology is that 
DSBs are not introduced as part of the gene modi-
fication mechanism, so this technologically should 
have substantially-reduced off-target effects that 
arise as a consequence of introducing DNA DSBs. 
The lack of DSBs mean that the levels of indel gen-
eration are very low so the risk of translocations are 
proportionately decreased. However, base editing is 
not devoid of off-target effects as base editors use 
the modified CRISPR-Cas engineering platform 
and guide-RNA mediated off-target editing can 
lead to transition mutations in the DNA at loci in 
addition to the targeted gene. An additional safety 
factor to consider with base editing is the possibility 
of guide-RNA independent off-target deamination, 
where the deaminase targets bases throughout the 
genome. This possibility is currently being investi-
gated and modifications to the deaminase to limit 
this capability are being sorted out.  

The approval of both YESCARTA and KYMRI-
AH to treat patients with B cell tumours has been a 
huge event in the history of attempting to use the 
immune system to treat cancer. Several companies 
are looking to broaden the immune cells used in a 
CAR approach and include, but are not limited to, 
CAR-NK cells and CAR-B cells. These cells have 
different capabilities compared with CAR-T cells, 
but all require some degree of gene editing to be 
used effectively in the clinic. Which form of gene 
engineering will become the front runner for 
immune cell-based therapies in the coming years is 
currently open to debate. However, as discussed in 
this article, base editing could be a route forward to 
achieving multiple genetic alterations while avoid-
ing potentially deleterious structural alterations to 
the genome. As more laboratories use base editors 
to modify cell phenotypes, we will be in a better 
position to compare datasets and look critically at 
the strengths and weaknesses of standard gene edit-
ing and base editing platforms.                      DDW 

 
 

Dr Jamie Freeman is a Corporate Innovation 
Partner at Horizon Discovery. During his six years 
at Horizon, he has helped to drive the commercial 
uptake of its CHO line in biotherapeutic manufac-
turing and is now focused on enabling access to 
base editing technology for use in cell and gene 
therapies.
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