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Chimeric antigen receptor (CAR) T cell therapy has made significant strides in the treatment of B-cell malignancies, but
its application in treating solid tumors still poses significant challenges. Particularly, the widespread use of viral vectors
to deliver CAR transgenes into T cells comes with limitations, including high costs and regulatory restrictions, which
hinder the translation of novel genetic engineering concepts into clinical applications. Non-viral methods, such as
transposon/transposase and clustered regularly interspaced short palindromic repeats (CRISPR)/Cas systems, offer
promising alternatives for stable transgene insertion in CAR-T cells. These methods offer the potential to increase
accessibility and efficiency in the development and delivery of CAR-T cell therapies. The main challenge in using
non-viral methods, however, is their low knock-in efficiency, which leads to low transgene expression levels. In this
review, we discuss recent developments in non-viral approaches for CAR-T cell production, the manufacturing
requirements for clinical-grade production of non-viral CAR-T cells, and the adjustments needed in quality control
for proper characterization of genomic features and evaluation of potential genotoxicity.
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INTRODUCTION

Chimeric antigen receptor (CAR) T cell therapies, that
involve the use of genetically modified T cells expressing
CD19-CAR, have transformed the treatment landscape for
refractory B-cell and plasma cell malignancies. Several CAR-
T cell therapies have received Food and Drug Administra-
tion (FDA) approval as second- and third-line treatments,
and ongoing clinical trials are evaluating their effectiveness
as first-line therapies.1-4 Current engineering approaches
focus on developing the next generation of CAR-T cells to
enhance their potency and safety profile.5-7 These include
strategies aimed at improving CAR-T cell fitness (e.g.
signaling, killing), overcoming antigen loss (e.g. via dual-
targeting CARs), and modifying the tumor microenviron-
ment (e.g. interleukin-18-secreting CARs),5,7-9 particularly as
we progress towards evaluating the efficacy of CAR-T cell
therapies in solid tumors.
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Despite the great promise of CAR-T cells, the complexity
and duration of the current manufacturing process have
limited its widespread use. Traditionally, the production of
CAR-T cells has relied on viral delivery systems to genetically
modify T cells or other immune cells. This method leverages
the virus’s inherent ability to deliver genetic material into
the host genome efficiently and safely. The high costs of
good manufacturing practice (GMP) grade viral vector
production, however, reduced lot sizes, and the regulatory
burden associated with using a viral vector, present major
obstacles to the clinical development of CAR-T cells.10 Thus,
there is a pressing need for more flexible, cost-effective
approaches to streamline production and logistics related
to gene delivery systems.

Non-viral delivery platforms present a promising alter-
native to address the limitations associated with viral de-
livery in CAR-T cell therapies.11 Viral vectors exhibit other
notable drawbacks such as elevated immunogenic poten-
tial, restricted insert size, theoretical possibility of inser-
tional mutagenicity, and substantial production costs. In
contrast, non-viral approaches alleviate these limitations
through decreased manufacturing expenses, increased
cargo capacity, greater design flexibility, and diminished
immunogenic profiles. Non-viral gene engineering methods
can be classified into those that result in transient gene
expression,12,13 and those that result in stable transgene
integration. Non-viral stable integration is of particular
https://doi.org/10.1016/j.iotech.2023.100375 1
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interest. This can be achieved through either transposon-
based systems such as Sleeping Beauty or PiggyBac,14,15

or through directed integration via clustered regularly
interspaced short palindromic repeats (CRISPR)/Cas9-
mediated knock-in.16 The transposase systems can be
delivered as proteins, messenger RNAs (mRNAs), or plasmid
DNA,15,17 whereas CRISPR/Cas9 system typically uses line-
arized DNA (double- or single-stranded),16,18-20 or circular
DNA.21,22

This review focuses on the use of non-viral methods
for generating CAR-T cells with appropriate purity and yield
for clinical use. We examine modifications to the
manufacturing process to implement electroporation tech-
niques. Finally, we emphasize strategies to minimize geno-
toxicity and evaluate its impact in regard to quality control
(QC) during non-viral CAR-T cell production.
CHALLENGES IN NON-VIRAL GENE EDITING FOR T CELL
THERAPY: MANUFACTURING, QC, AND SAFETY

Non-viral gene editing systems can be delivered to primary
T cells using electroporation, liposome, or nanoparticle
transfection methods. Electroporation, being the gold
standard, relies on the creation of transient pores in the cell
membrane for gene delivery. This method may result in
considerable cell loss, however, and the recovery of cell
viability requires longer cell expansion times.17,19 To achieve
engineered cell yields comparable to viral transduction, a
higher number of cells must be activated before electro-
poration, which necessitates larger starting and expansion
media volumes, and alternative cultivation vessels
compared with those utilized in viral-based product
manufacturing.

Furthermore, non-viral gene integration techniques tend
to produce lower CAR delivery and expression levels
compared with viral transduction methods. As a result, a
final enrichment step is required to increase purity and
prevent manufacturing failure.23 The selected enrichment
strategy must meet three crucial criteria: lack of immu-
nogenicity, compatibility with GMP grade reagents, and
feasibility at a clinical scale. Enrichment methods include
those based on surface marker expression,24 as well as
drug or mutant enzyme selection systems that confer
resistance to specific drugs, resulting in the selection or
elimination of non-edited T cells.25 The development of
selection tools that enable the enrichment of therapeutic T
cells with multiple edits or transgene insertions is neces-
sary. The optimization of non-viral CAR-T cell production
processes is thus a pressing matter that needs to be
addressed.

The advancements in gene engineering necessitate the
development of appropriate QC assessments that evaluate
the specific risks associated with the method. Currently,
detection of viral load on transduced T cells is done via
vector copy number quantification employing techniques
like quantitative (q) or digital droplet polymerase chain
reaction (ddPCR).26 For transposon/transposase methods,
however, transgene copy number quantification is carried
2 https://doi.org/10.1016/j.iotech.2023.100375
out due to their random insertion profile.27 Nonetheless,
recent concerns about ‘CAR-T cell lymphoma’ in the CAR-
TELL trial, using PiggyBac transposons, mandate a more
thorough analysis of transposon/transposase-based
genomic integration,28 as discussed later.

CRISPR/Cas9-based knock-in relies on creating double-
stranded DNA (dsDNA) breaks, which raises the possibility
of off-target cutting. To address this, thorough testing and
optimization of guide RNAs (gRNAs) and identification of
their cutting profiles is mandatory before clinical applica-
tion. Various tools for in silico, in cellula, or in vitro detec-
tion of off-target sites have been developed, with
next-generation sequencing (NGS) used to provide robust
quantification of off-target cutting events.29 Additionally,
the inherent potential of dsDNA breaks to cause trans-
locations requires the development of methods to detect or
deconvolute these rare translocations, which is a current
challenge in the field.30

CAR TRANSGENE DELIVERY INTO PRIMARY T CELLS FOR
STABLE INTEGRATION AND PERSISTENT EXPRESSION

The two non-viral methods that enable stable genomic
integration of CAR transgenes in primary T cells differ in
their pattern of integration, with transposon/transposase-
based systems demonstrating an almost random integra-
tion pattern and CRISPR/Cas9-based approaches exhibiting
targeted integration.31
Transposon/transposase-based transgene insertion

Transposons are ‘jumping’ genetic elements capable of
repositioning DNA in the genome. They can be classified
into retrotransposons and DNA transposons. Retro-
transposons, the most abundant transposons in the
genome, consist of long terminal repeats (LTRs), long
interspersed nuclear elements (LINEs), and short inter-
spersed nuclear elements (SINEs) and rely on RNA in-
termediates for transposition.32 DNA transposons, however,
also known as class II transposable elements, utilize DNA
templates for transposition and are widely used in gene
engineering. PiggyBac and Sleeping Beauty are two exam-
ples of DNA transposons in use.

For transposition to occur, the transposon, also known as
the gene of interest, must be bounded by inverted terminal
repeats (ITRs). These ITRs serve as binding sites for the
transposase, enabling excision and separation of the
transposon from the donor DNA. The transposase then in-
serts the transposon into the acceptor DNA at -TA-
(Sleeping Beauty) or -TTAA- (PiggyBac) sites31,33 (Figure 1A).
The integration may not be specifically targeted, but it is
also not completely random, as it is often directed towards
preferred insertion sites known as ‘safe harbors’, as
observed with Sleeping Beauty.15

The transposon, which is responsible for repositioning
DNA in the genome, is usually delivered in the form of
(nano-)plasmid or minicircle DNA. The transposase enzyme
responsible for integrating the transposon is typically
delivered in trans as DNA, mRNA, or protein. Research
Volume 18 - Issue C - 2023
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Figure 1. Overview of non-viral transgene insertion strategies. Created with
BioRender.com.
CRISPR, clustered regularly interspaced short palindromic repeats; dsDNA,
double-stranded DNA; gRNA, guide RNA; ITR, inverted terminal repeat; mRNA,
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indicates that mRNA-based transposases are preferred over
protein-based transposases for their efficiency in cargo
insertion, low cytotoxicity, and high level of safety due to
their transient expression.15,17 The CARAMBA trial, for
example, employed mRNA for Sleeping Beauty and mini-
circle DNA for the CAR transgene.34 Clinical trials utilizing
Sleeping Beauty for the production of CD19-CAR-T cells in
B-cell malignancies have been conducted without evidence
of genotoxicity or transformation.14,35

The PiggyBac transposase, initially identified in insect cell
lines,36 has been applied in the manufacture of CAR-T cells
targeting CD19, prostate-specific membrane antigen
(PSMA) (Poseida, San Diego, CA, P-PSMA-101), B-cell
maturation antigen (BCMA) (P-BCMA-ALL01), and
epidermal growth factor receptor (EGFR).14,36-38 One of the
advantages of PiggyBac over Sleeping Beauty is its ability to
integrate larger cargo sizes (w200 kb versus w10 kb)39 and
its precise excision, which reduces the risk of leaving a DNA
footprint and achieve higher transposition activity.32 How-
ever, the CARTELL trial using PiggyBac to treat relapsed/
refractory B-cell malignancies resulted in lymphoma in 2 out
of 10 patients, raising concerns about the safety of PiggyBac
and transposon/transposase-based cell therapies. The lym-
phoma may be related to the manufacturing process or an
increase in global copy number changes observed in the
products. As such, there is a need for better preclinical
genotoxicity models and optimization strategies.28,40

CRISPR-associated transposons, which offer guided trans-
position and improved genotoxicity profiles, are emerging
as a promising alternative.41,42

Targeted transgene delivery using CRISPR/Cas9

Clinical applications of genetic editing have progressed
with the advancement of technologies such as transcrip-
tion activator-like effector nucleases (TALENs), zinc finger
endonucleases (ZFNs), and CRISPR/Cas9. The latter has
been widely applied for gene editing due to its efficiency
(per gene as well as for multiplexed editing) and versa-
tility.43,44 This has paved the way for designing cell ther-
apies, such as CAR-T cells, by utilizing CRISPR/Cas9-
mediated transgene insertion.

The CRISPR/Cas9 system involves the use of a gRNA to
direct the ribonucleoprotein (RNP) complex to a specific
target DNA sequence. Upon nuclease binding, the DNA is
broken, and the repair process is initiated, through non-
homologous end joining (NHEJ) or by precise homology-
directed repair (HDR). NHEJ may result in insertion or dele-
tionmutationswhichmight lead to premature stop codons or
protein expression knock-out. HDR is, thus, the preferred
gene editing approach as it does not introduce any additional
modifications. In the case of CAR-T cell engineering, the de-
livery of a DNA repair template containing the CAR gene and
complementary gene to the insertion site allows specific
transgene integration.45 This approach reduces the chance of
messenger RNA; RNP, ribonucleoprotein; ssDNA, single-stranded DNA; tCTS,
truncated Cas9 target sequence.
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incorporation near oncogenes or tumor suppressor genes
and enables efficient control via an endogenous promoter
and simultaneous knock-out of target genes.46

Different delivery platforms have been proposed for the
transfer of the DNA template required for CRISPR knock-in,
including viral [e.g. adeno-associated virus 6 (AAV6)] and
non-viral methods (e.g. linearized DNA, nano-plasmid DNA).
Of these, AAV6 has proven to be the most efficient platform
to date,16,22,47,48 and several clinical trials are exploring its
use in the production of CAR-T cells, such as CTX110 and
CTX120.49,50 Its limited payload capacity (<5 kb), however,
may not necessarily lead to a reduction in the time and cost
required for CAR-T cell production.51 The use of linearized
DNA or plasmid DNA as a template for target insertion,
however, may address some of the limitations of AAV6-
based CRISPR/Cas9 knock-in, but this approach has been
associated with high cell toxicity and low knock-in effi-
ciencies.21,22,48 A study evaluating CRISPR/Cas9-mediated
knock-in of an anti-CD19 CAR into programmed cell death
protein 1 showed improved tumor clearance in a mouse
model, suggesting the advantage of targeted CAR insertion.
The clinical trial aimed at treating relapsed/refractory B-
non-Hodgkin’s lymphoma with this method, however, failed
to produce a sufficient dose in three out of eight patients,
and the highest number of anti-CD19 CAR-T cells produced
for the remaining patients was 2 � 108 CAR-T cells.20

Nguyen et al.52 have demonstrated that incorporating a
truncated Cas9 target sequence (tCTS) at both ends of
their double-stranded DNA (dsDNA) template and
combining it with nuclear localization sequence bound to
the RNP, enhances nuclear translocation and results in
higher knock-in efficiencies. Subsequently, this approach
has been extended to single-stranded DNA (ssDNA) tem-
plates, which have a reputation for lower toxicity but also
lower knock-in efficiencies for CRISPR/Cas9-based knock-
in. Shy et al.16 found that using ssDNA for CRISPR/Cas9-
based knock-in of a BCMA CAR in a clinical setting yiel-
ded efficiencies of 40% and adequate yields after a 10-day
manufacturing process. These outcomes provide optimism
for the future of non-viral CRISPR/Cas9-based CAR-T cell
production (Figure 1B).

To further enhance HDR efficiency, strategies have been
proposed to inhibit cell cycle progression and NHEJ DNA
repair in a timely manner. A CRISPR screen identified in-
hibitors of HDR. For example, targeting CDC7 kinase with
XL413 can temporarily slow down S-phase progression,
thereby prolonging the period for homology-directed
recombination and resulting in a 3.5-fold increase in HDR
efficiency.53 Alternatively, blocking NHEJ and promoting
DNA repair via HDR increases knock-in frequency.54 Inhib-
iting DNA-dependent protein kinase with NU7441 and
M3814 also resulted in 43% and 46% increases in knock-in
efficiency, respectively.16 Interfering with DNA repair
mechanisms post double-stranded breaks (DSBs) can cause
genomic instability, however, making these strategies less
appealing for the therapeutic engineering of non-viral
CRISPR CAR-T cells.55
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REQUIRED MODIFICATIONS FOR AUTOMATED AND
CLOSED MANUFACTURING OF NON-VIRAL CAR-T CELLS

The manufacturing of CAR-T cells using non-viral methods
in a GMP setting poses unique challenges, including cell
recovery and transgene insertion efficiency. Current
non-viral manufacturing platforms utilize enriched CD4þ/
CD8þ T cells from leukapheresis, followed by activation,
electroporation, expansion to desired cell numbers, and
enrichment of CAR-T cells before harvest. To make non-viral
CAR-T cell manufacturing feasible on automated and closed
platforms, efforts should focus on improving electropora-
tion, knock-out/knock-in efficiencies, and post-
electroporation cell recovery and expansion yields.
Platforms for non-viral manufacturing

Upon receipt of starting material, manufacturing processes
begin with the removal of platelets and red blood cells
(RBCs) to enable optimal labeling of target cells, such as
CD4þ/CD8þ T-cell subsets, and subsequent enrichment
and activation. Automated cell washing devices, including
the Sepax C-Pro (Cytiva, Marlborough, MA), Lovo or Cue
(Fresenius Kabi, Bad Homburg, Germany), and Rotea
(Thermo Fisher Scientific, Waltham, MA), have been used in
clinical trials to carry out this critical step effectively.56,57

The low insertion efficiency and cell loss associated with
non-viral manufacturing approaches necessitate the imple-
mentation of highly efficient selection mechanisms.19,48

Although immunomagnetic labeling and selection of CD4
and CD8 T-cell subsets are the most widely used methods,
the enrichment of CD62Lþ (central memory T cells) or
depletion of natural killer cells has also been employed.58

For cell enrichment, widely used devices include the Clin-
iMACS Plus and CliniMACS Prodigy system (both from Mil-
tenyi Biotec, Bergisch Gladbach, Germany), and the
Robosep-C (STEMCELL Technologies, Vancouver, BC),
which rely on immunomagnetic sorting, either column-
based (Miltenyi Biotec devices) or non-column-based
(Robosep-C). One advantage of the CliniMACS Prodigy and
Robosep-C is their ability to integrate selection with auto-
mated platelet and RBC wash steps, reducing operator
involvement.

To enhance genetic manipulation, a more accessible
chromatin landscape is desirable, which can be achieved by
activating T cells through CD3/T cell receptor and CD28
signaling pathways.17,48,59 The field has moved away from
the traditional, time-consuming Dynabeads method
(Thermo Fisher Scientific) to more efficient options such as
magnetic beads coated with antibodies, including TransAct
(Mitenyi Biotec) and Immunocult (STEMCELL Technologies).
Artificial non-viable antigen-presenting cells that co-express
tumor-associated antigens or stimulatory molecules are also
gaining popularity.58 The CARAMBA trial, which investigated
anti-SLAMF7 CAR-T cells for the treatment of multiple
myeloma, employed T-cell activation and enrichment of
CD4þ/CD8þ positive T cells before electroporation on day
2 after activation, resulting in a 14-day production
Volume 18 - Issue C - 2023
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Figure 2. Requirements needed for automated and closed manufacturing of non-viral CAR-T cell. Created with BioRender.com.
CAR, chimeric antigen receptor; RBC, red blood cell.
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process.34 In contrast, two clinical trials that utilized the
transposon/transposase system for transgene insertion
relied on peripheral blood mononuclear cells (PBMCs) as
starting material and did not activate the T cells before
electroporation.14,35 This approach resulted in challenges in
target cell population recovery, requiring the application of
activated and propagating cells and extended cell cultures.

The primary method of non-viral gene delivery is through
electroporation, where electrical fields are applied to cells to
generate pores in the cell membrane, allowing the transgene
to enter. This technique, however, often results in cell loss
and temporary decreased viability due to the stress on the
cells.17,22,48 In addition, high DNA concentrations and/or
plasmid size can induce further cell death. To
Volume 18 - Issue C - 2023
optimize the process, the pulse parameters (number and/or
length), cell density, DNA concentration, and buffer compo-
sition must be carefully considered.48 Using a higher cell
number before electroporation can increase the yield of
edited cells, but this may be limited by the percentage of
cells in the apheresis product.60,61 Electroporation also re-
quires significant volume reduction, which can be achieved
through manual cell centrifugation or with automated plat-
forms mentioned earlier. The CliniMACS Prodigy electropo-
ration platform is an exception, and recent studies have
shown the feasibility of scaling up electroporation using the
CliniMACS Electroporator and the Sleeping Beauty system,
leading to a fully automated non-viral manufacturing process
for generating anti-CD19 CAR-T cells in 12 days.62
https://doi.org/10.1016/j.iotech.2023.100375 5

http://BioRender.com
https://doi.org/10.1016/j.iotech.2023.100375
https://doi.org/10.1016/j.iotech.2023.100375


Immuno-Oncology and Technology H. Balke-Want et al.
Despite the challenges posed by non-viral gene delivery,
clinical trials have seen success in generating CAR-T cells for
patients with B-cell leukemia and lymphoma by using
electroporation with various devices, including the ExPERT
GTx (MaxCyte Inc., Gaithersburg, MD), 4D-Nuclefector LV
Unit (Lonza, Basel, Switzerland), CliniMACS Electroporator
(Miltenyi Biotec), and the CTS Xenon (Thermo Fisher
Scientific).12,14,28,35,62,63 To increase the yield of edited cells,
the development of cultivation vessels and closed systems
that can handle larger volumes of starting material and cell
expansion is crucial.12,15 Miltenyi Biotec is releasing a new
tubing set (TS-620), which can accommodate more cells
than the previous cultivation chamber (TS-520). Alternative
systems include the G-Rex (Wilson Wolf, Saint Paul, MN)64

and Xuri Bioreactor (Cytiva),65 both capable of expanding
cultures up to 20 billion cells. The CliniMACS Prodigy is
currently the only device that has the capabilities for cell
washing, enrichment, electroporation, and expansion.
Other devices with specific capabilities, however, can be
connected to each other in an aseptic manner to create an
automated and/or closed system12,63 (Figure 2, Table 1).
Bozza et al.12 recently demonstrated the feasibility of an
automated and rapid CAR transgene delivery process using
enriched T cells as the starting material, with electropora-
tion on day 4 and harvest on day 5, with a starting number
of 1 � 109 cells.
Increasing the purity of non-viral CAR-T cells

To improve the purity and CAR-T cell yield in non-viral gene
therapy, two strategies can be applied: surface marker-
based enrichment and drug-based selection. Surface
marker-based enrichment involves identifying cells that
express a specific surface marker, such as truncated human
EGFR, and then selecting them using an FDA-approved
antibody, such as cetuximab.66 This method has been
shown to be effective in enriching for anti-human epidermal
Table 1. Overview of fully non-viral CAR-T cell trials with published
manufacturing process

Trial Target Disease Insertion
strategy

Electroporator
and
manufacturing
platform

CARTELL
(ACTRN12617001579381)

CD19 B-NHL PiggyBac Neon, G-Rex

NCT03182816 EGFR NSCLC PiggyBac Lonza, NA
P-BCMA-ALLO1
(NCT04960579)

BCMA MM PiggyBac Lonza, G-Rex

CARAMBA SLAMF7 MM Sleeping
Beauty

Lonza, G-Rex

NCT03389035 CD19 B-ALL Sleeping
Beauty

Lonza, NA

NCT04213469 CD19 B-NHL CRISPR/Cas9
knock-in
(non-viral)

Lonza/Maxcyte,
NA

B-ALL, B-cell acute lymphoblastic leukemia; BCMA, B-cell maturation antigen; B-NHL,
B-cell non-Hodgkin’s lymphoma; CAR, chimeric antigen receptor; CRISPR, clustered
regularly interspaced short palindromic repeats; EGFR, epidermal growth factor
receptor; MM, multiple myeloma; NSCLC, non-small-cell lung cancer; SLAMF7, SLAM
family member 7.
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growth factor receptor 2 (HER2) CAR-T cells in a clinical trial
that used viral transduction at the Children’s Hospital in
Seattle.24 Querques et al.15 utilized truncated EGFR (tEGFR)
to enrich preclinical non-viral CD19 CAR-T cells manufac-
tured using their Sleeping Beauty 100� protein. Drug-based
selection, however, involves selecting cells that express a
mutant form of the human dihydrofolate reductase enzyme
(DHFR-FS), which confers resistance to the FDA-approved
drug methotrexate.25 Poseida Therapeutics’ non-viral
manufacturing platform uses the PiggyBac Transposon and
methotrexate-based selection to enrich for CAR-DHFR-FS-
positive cells.67

THE POTENTIAL FOR GENOTOXICITY IN NON-VIRAL CAR-
T CELL THERAPY

As non-viral CAR-T cell delivery approaches progress,
methods for genotoxicity evaluation are lacking. Efforts are
underway to develop techniques for detecting small in-
sertions and deletions (indels), potential off-target DNA
breaks, and endonuclease-mediated translocations.68

Sequencing techniques to detect on- and off-target
insertion sites

Assessment of the location where transgenes are inserted
in non-viral CAR-T cells is important for preventing disrup-
tion of genes that regulate tumor suppression or cell
growth. Various in silico, in cellula, or in vitro assays are
used to identify potential double-stranded break sites and
off-target insertions. The primary methods for quantifying
insertions are electrophoresis, tracking of indels by
decomposition (TIDE), inference of CRISPR edits (ICE), and
deep sequencing.

To determine insertion sites, two strategies are
employed: sequence linearity and sequence proximity. The
insertion sites identified through sequence linearity offer an
in-depth understanding of the breakpoints, but the process
is complex and involves multiple steps. It requires the use of
linker or ligation-mediated PCR with primers that bind to
both the transgene and the ligated adapter sequences,
followed by secondary nested PCR and NGS. The sequencing
reads are then mapped to the genome to identify the
insertion sites.35,69,70 The targeted locus amplification
approach is an alternative method that involves cross-
linking genomic DNA, digesting it to obtain DNA circles,
ligating the pieces, and carrying out inverse PCR starting
from the known transgene. This creates a library that is
subjected to NGS, which allows mapping of the sequencing
reads to the corresponding insertion sites71 (Figure 3A). This
approach has been widely established in the field and is less
complex than the sequence linearity approach,47,48 but it
offers less sequence resolution at the breakpoints.

Assessing off-target cutting and translocations

Identifying unintended cut sites after CRISPR editing is
essential for evaluating its safety. This can be done using
in vitro, in silico, or ex vivo prediction methods. Some of the
commonly used sequencing techniques are GUIDE-seq, E-
Volume 18 - Issue C - 2023
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Figure 3. Assessment of potential genotoxic events in non-viral CAR-T cells via NGS. Created with BioRender.com.
CAR, chimeric antigen receptor; ddPCR, digital droplet polymerase chain reaction; NGS, next-generation sequencing; rhAMP,
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CRISP, Digenome-seq, SITE-seq, CIRCLE-seq, and DISCOVER-
seq.72-75 In silico prediction tools can determine off-target
sites based on sequence similarity between the gRNA
spacer and the human genome,76,77 but they do not
quantify the editing frequency. To quantify the off-target cut
sites, NGS is used, and rhAmpSeq is a popular assay that
streamlines this process.78 The rhAmpSeq method uses
primers that contain a single RNA base and a 30 blocking
moiety, which is cleaved when the RNA base of the primer
hybridizes with the target DNA. This enables the primers to
be activated and extended by the DNA polymerase to
Volume 18 - Issue C - 2023
generate target amplicons, improving target specificity and
eliminating primer dimers, and allowing for multiplex
reactions.29,78

DSBs caused by CRISPR-based gene editing can result in
translocations. When multiple editing events occur, ddPCR
can be utilized to capture translocations between the on-
target cut sites and is considered the gold standard for
identifying even low-frequency translocations.79 Identifying
translocations between on-target and off-target sites in an
unbiased manner, however, remains challenging. A recent
study by Amit et al.30 presented a computational method
https://doi.org/10.1016/j.iotech.2023.100375 7
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(CRISPECTOR) to extract translocation information from
rhAmpSeq data. The candidate hits identified by CRISP-
ECTOR can be further verified and monitored for clonal
outgrowth during cultivation using ddPCR30,79 (Figure 3B).

To enhance the discrimination between on-target and
off-target cutting, introducing mismatches in the gRNA
sequence is one approach. Mismatches are typically limited
to nucleotides at the end of the gRNA sequence. A study by
Kath et al.19 reduced off-target cut sites in the TRAC (T-cell
receptor alpha chain) locus by limiting the number of cut
sites from four to one as determined by GUIDE-seq.19,80

Combining high-fidelity Cas9 mutants and mismatched
gRNAs, however, can be difficult due to a reduction in on-
target knock-out efficiency.19 An alternative solution is
base editing, a technology that avoids the creation of DSBs
altogether. Cas9 is fused with a cytidine or adenine deam-
inase, leading to point mutations and predictable base ex-
changes. These point mutations can create knock-out of the
targeted gene by inducing stop mutations, and are targeted
to specific sites through the use of gRNAs.81
CONCLUSIONS AND PERSPECTIVES

The field of non-viral transgene delivery into T cells has
made significant advancements in recent years, with several
platforms already being applied in clinical trials or being
promising candidates for future clinical translation. These
platforms offer a significant advantage over viral vectors by
being more cost-efficient, thereby accelerating the devel-
opment of innovative gene therapies. The integration of
CRISPR/Cas-based editing techniques into these approaches
provides unparalleled precision in genetic engineering, of-
fering the ability to precisely insert or disrupt genes.
Additionally, we have highlighted various processing tech-
niques to facilitate the automated manufacturing of
non-viral CAR-T cells and emphasized the importance of
implementing measures to guarantee the safety and genetic
stability of these therapies. These measures include the use
of sequencing technologies for identifying off-target cut
sites, as well as the application of computational methods
to deconvolute translocations. With the increasing impor-
tance of non-viral transgene delivery and CRISPR/Cas-based
editing in the field of gene therapy, it is vital that these
technologies continue to evolve and be rigorously tested to
ensure their safe and effective application in the clinic.
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