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Adoptive transfer of chimeric antigen receptor (CAR) T lymphocytes is a powerful
technology that has revolutionized the way we conceive immunotherapy. The
impressive clinical results of complete and prolonged response in refractory and
relapsed diseases have shifted the landscape of treatment for hematological
malignancies, particularly those of lymphoid origin, and opens up new possibilities for
the treatment of solid neoplasms. However, the widening use of cell therapy is hampered
by the accessibility to viral vectors that are commonly used for T cell transfection. In the era
of messenger RNA (mRNA) vaccines and CRISPR/Cas (clustered regularly interspaced
short palindromic repeat–CRISPR-associated) precise genome editing, novel and virus-
free methods for T cell engineering are emerging as a more versatile, flexible, and
sustainable alternative for next-generation CAR T cell manufacturing. Here, we discuss
how the use of non-viral vectors can address some of the limitations of the viral methods
of gene transfer and allow us to deliver genetic information in a stable, effective and
straightforward manner. In particular, we address the main transposon systems such as
Sleeping Beauty (SB) and piggyBac (PB), the utilization of mRNA, and innovative
approaches of nanotechnology like Lipid-based and Polymer-based DNA nanocarriers
and nanovectors. We also describe the most relevant preclinical data that have recently
led to the use of non-viral gene therapy in emerging clinical trials, and the related safety
and efficacy aspects. We will also provide practical considerations for future trials to
enable successful and safe cell therapy with non-viral methods for CAR T cell generation.

Keywords: non-viral vectors, chimeric antigen receptor (CAR T), gene therapy, immunotherapy, adoptive cell
transfer, cancer therapy, transposons, mRNA
1 INTRODUCTION

1.1 The Rise of CAR T Immunotherapy in
Hematological Malignancies
Chimeric antigen receptor (CAR) T cell therapy represents a revolutionary therapeutic reality. To
unleash T cells against cancer, an artificial receptor has been generated fusing the antigen-binding
domain of a monoclonal antibody with a T-cell receptor (TCR)-derived signaling domain, including
costimulatory components (1, 2). CAR-mediated recognition of a tumor-associated antigen triggers
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the activation of engineered T cells that consequently exert a
response, characterized by potent cytotoxicity, cytokine
secretion, and proliferation. The possibility of combining T cell
lymphocyte effector functions with antibody specificity in a
single component is appealing because it allows for a T cell-
mediated immune response against the tumor in a major
histocompatibility complex (MHC)-unrestricted manner. This
strategy eliminates the need of designing different receptors
according to the Human Leukocyte Antigen (HLA) haplotypes,
as in the case of tumor specific TCR gene transfer. This type of
immunotherapy is a multi-step process. Immune cells, typically
of autologous origin, are collected, modified in specialized
laboratories, and then infused into the patient undergoing
lymphodepleting therapy to increase engraftment. The early
concept formulated more than 30 years ago went through an
extensive series of costimulatory design optimizations, which
coupled the CD3-z domain with CD28 or 4-1BB costimulation,
leading to impressive clinical results in patients with high-risk
hematological malignancies (3–8).

To date, the clinical application that has determined the success
of CAR T cells has been conducted mainly targeting the CD19 and
CD22 molecules in B cell-Acute Lymphoblastic Leukemia (B-ALL)
and B cell lymphoma (9–12) and against B-Cell Maturation Antigen
(BCMA) for multiple myeloma (13, 14). In B-ALL, adoptive
immunotherapy with CAR T cells achieved more than 80%
complete response (CR) in the early stages of treatment and a
sustained response through the establishment of immunological
memory with 12-month event-free survival rates of 50% (3, 15). In
diffuse large B-cell lymphoma (DLBCL), the CR was between 40
and 60% in multiple studies with different CAR T cell products
while 12-months progression-free survival (PFS) was 40% (10, 11,
16, 17). The results in Mantle Cell Lymphoma and Relapsed/
Refractory (R/R) Follicular Lymphoma are even more
Frontiers in Immunology | www.frontiersin.org 2
encouraging with a CR of 67% and 80%, and a PFS of 61% and
74%, respectively (18, 19). Finally, in Multiple Myeloma (MM), the
CR is 33% while the PFS is 8.8 months (20). In light of these data
(21), the U.S Food and Drug Administration (FDA) has approved
five CAR T cell therapies, Abecma (idecabtagene vicleucel),
Breyanzi (lisocabtagene maraleucel), Kymriah (tisagenlecleucel),
Tecartus (brexucabtagene autoleucel), Yescarta (axicabtagene
ciloleucel) as of January 2022. All of them are also authorized in
Europe. Besides these five, the FDA recently approved
ciltacabtagene autoleucel (CARVYKTI, cilta-cel, Janssen and
Johnson & Johnson), a CAR T product direct against BCMA.
Furthermore, China’s National Medical Products Administration
(NMPA) recently approved the autologous anti-CD19 CAR T cell
product, relmacabtagene autoleucel, that was established based on a
process platform of Juno Therapeutics. Progress has been made to
implement CAR T cell therapies in Australia, China, Japan,
Switzerland, Singapore and Canada and the approval status
worldwide is summarized in Table 1 and Figure 1. Kymriah and
Yescarta have been commercially available since 2017 and 2018,
respectively, and have been infused into nearly half a million
patients worldwide.

1.2 Need for a More Flexible System to
Allow Future CAR T Cell Engineering
Having shown such high therapeutic efficacy in hematological
malignancies, the field is moving surprisingly fast, facing new
challenges, and approaching other kinds of applications. Despite
the high CR rate in hematological malignancies, patients with a
high tumor burden and characterized by a history of multiple
prior lines of therapy often do not respond. In some cases, the
achieved responses do not last long. Relapses are mainly
associated with loss of functional CAR T cells or the
appearance of relapses in which the antigen recognized by the
TABLE 1 | Commercial CAR T products and their indication and availability worldwide.

Active
substance

Name Indications Manufacturer Approvals Target Costimulatory
domain

tisagenlecleucel Kymriah Pediatric and young adult R/R acute
lymphoblastic leukemia; Adult R/R DLBCL;
R/R follicular lymphoma

Novartis FDA, EMA, Health Canada, Swissmedic,
Japan’s MHLW, Singapore’s HSA, Australian
TGA, UK’s NICE

CD19 CD137

axicabtagene
ciloleucel

Yescarta R/R large B-cell lymphoma (DLBCL, PMBCL,
high grade
B-cell lymphoma, DLBCL arising from FL)

Kite Pharma
and Gilead

FDA, EMA, Health Canada, Swissmedic,
Japan’s MHLW, China’s NMPA, Australian
TGA, UK’s NICE

CD19 CD28

brexucabtagene
autoleucel

Tecartus Mantle cell lymphoma; Adult lymphoblastic
leukemia

Kite Pharma
and Gilead

FDA, EMA, Swissmedic, UK’s NICE, Health
Canada

CD19 CD28

lisocabtagene
maraleuecel

Breyanzi R/R large B-cell lymphoma BMS and
Juno
Therapeutics

FDA, Japan’s MHLW, EMA CD19 CD137

idecabtagene
vicleucel

Abecma Multiple myeloma BMS and
Bluebird
Bio

FDA, EMA, Health Canada, Swissmedic,
Japan

BCMA CD137

ciltacabtagene
autoleucel

CARVYKTI Multiple myeloma Janssen and
Johnson &
Johnson

FDA BCMA CD137

relmacabtagene
autoleucel

Carteyva R/R large B-cell lymphoma JW
Therapeutics

China’s NMPA CD19 CD137
June 2022 | Vo
lume 13
MHLW, Ministry of Health, Labor and Welfare; HAS, Health Sciences Authority; TGA, Therapeutic Goods Administration; NMPA, National Medical Products Administration; NICE The
National Institute for Health and Care Excellence.
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CAR has a decreased expression or is completely absent, as in the
case of CD19-negative relapses. For solid tumors, treatment with
CAR T cells have not yet proven to be efficacious and it remains a
challenge as of today. Few antigens with restricted expression to
solid cancer and non-vital organs have been identified so far.
Homing to the tumor is a critical aspect because T cells must
migrate from the bloodstream through the endothelial cells that
make up the tumor vasculature. In addition, the tumor
microenvironment often has an immunosuppressive and
hypoxic environment that impacts on T cell persistence by
inducing a hypofunctional state. Unfortunately, clinical studies
in solid tumors demonstrate a severely limited response. With
this in mind, it is increasingly becoming urgent to combine CAR
weapons with multiple targeting options and different
functionalities, i.e., de novo cytokine production, activating
signaling molecules and pro-inflammatory ligands, checkpoint
blockages, increased trafficking with chemokines, receptors and
extracellular matrix degrading enzyme, safety switches. Some of
the issues associated to the current CAR T cell design that we
need to face in the future are summarized in (22).

Addressing such challenges requires the development of
approaches that move beyond single-target immunotherapy
towards a building-block concept à la Lego or Minecraft, the
popular video game that allows for endless combination
opportunity. T cells can be modified to express CARs with
different specificities and can therefore be equipped to
improved efficacy, safety, and applicability. So far, the way
most CAR T cell therapies approved or investigated in clinical
trials are produced is utilizing viral vectors, particularly
gammaretroviral and lentiviral vectors. Viral vectors are
standardized systems with efficient gene transfer and a long‐
term history of application that demonstrates safety in the
Frontiers in Immunology | www.frontiersin.org 3
context of adoptive T cell therapy (23). However, the ability of
viral vectors to transduce long gene cassettes is constrained by
the capsid dimension. Viral capsids are about 100 nm in
diameter and often cannot fit more than 8-9 kb (24). The use
of two separate vectors for delivery of two different transgenes is
often not efficient. Furthermore, viral production for the clinical
application is a process that generally takes two-three weeks and
is performed under good manufacturing practice (GMP)
conditions in biosafety level 2 (BSL2) facilities, needing trained
staff resources. The resulting high costs, limited number of
available manufacturing facilities globally, and lot size
limitations complicate their accessibility. This complexity along
with the need for personalized treatment ultimately impacts the
final price of CAR T product, which is particularly high and can
reach up to $475,000 per person to which must be added the cost
of hospitalization, and follow-up visits. Currently, CAR T
therapies are often recommended for late-stage patients who
have exhausted all other treatment options. Given recent data
supporting the advancement of CAR T cell therapy to earlier
lines of treatment (25, 26), it appears to be increasingly
important to implement reductions in current spending.

For the future to come, genetic engineering technologies must
address issues such as logistical complexities impacting on costs
and availability, cargo limitations, and flexibility. We therefore
need to take measures to mitigate these challenges and start using
more versatile and flexible technologies to make CAR T cells
capable of migrating to the tumor site, recognizing
heterogeneous tumors, and surviving in hostile environments.
To support the adoption of future CAR T cell therapies, non-viral
vectors have been proposed, validated preclinically in their
ability to generate functional CAR T cells, and more recently
applied in pioneer clinical trials. Non-viral gene transfer allows
FIGURE 1 | Worldwide approval status of CAR T cell drugs.
June 2022 | Volume 13 | Article 867013
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for an easier manufacturing process with lower costs of goods
and rapid availability and may have less constraint on
cargo capacity.

1.3 Stable Gene Transfer: Viral
Transduction vs. Non-Viral Transfection
Gene therapy is an advanced medicine application in which the
delivery of genetic material into cells is exploited to confer
additional or restore impaired features to treat patients with a
wide range of diseases, including genetic disorders, cancer,
infectious and immunologic diseases, resulting in long-term
therapeutic effects. Gene transfer can be classified as stable or
transient depending on whether the genetic material is integrated
into the host cell genome. To achieve stable gene transfer,
integration of an expression cassette consisting of promoter,
leader, transgene and transcriptional termination and
polyadenylation sequences is needed. When there is integration
into the genome, the transgene is stably expressed, and
expression of the inserted gene persists in daughter cells
resulting from cell division. In contrast, in the absence of
integration, as for mRNA and plasmid vectors, expression will
be lost as cells divide. Adoptive cell therapy with CAR T cells
utilize ex vivo gene therapy that predominantly uses stable gene
transfer. Gene transfer can be achieved through the process of
viral transduction that utilizes the inherent ability of viruses and
viral vectors to introduce genetic material into a variety of cell
types. Alternatively, introduction of naked nucleic acids,
including supercoiled DNA, messenger RNA (mRNA), small
interfering RNA (siRNA), and guide RNA (gRNA), can be
achieved by non-viral transfection. Transfection relies on the
formation of transient pores in the cell membrane or,
alternatively, endocytosis through the use of different chemical
or physical techniques, such as electroporation, liposomes,
and nanoparticles.

1.3.1 Viral Transduction
In the case of retroviral vectors, transduction requires the
formation of infectious particles containing the transfer
plasmid encoding the transgene flanked by Long Terminal
Repeat (LTRs) and including the y (psi) encapsidation signal.
Generally, infectious particles are generated by introducing the
necessary viral sequences, i.e. gal-pol, rev, env coding sequences
into the producer cell line by means of separated plasmids.
Separation of the sequences required for virus formation allows
the generation of a replication-deficient virus that is capable of
infecting mammalian cells and integrate the genetic materials
into the cellular genome but does not retain the natural ability to
generate new viruses. Integration of DNA into the genome allows
stable transduction of the T cell clone and its lineage, leading to
long-term expression of the transgene in cells capable of long-
term survival, and thus making CAR T cells living drugs.

The mechanism of integration of the cassette into the genome
relies on the action of reverse transcriptase and integrase,
encoded by the pol gene. Gammaretroviral vectors derived
from Moloney murine leukemia virus (MLV) vectors integrate
preferentially near transcription start sites (TSS) and in
Frontiers in Immunology | www.frontiersin.org 4
transcriptional regulatory regions, whereas Human
Immunodeficiency Virus (HIV)-derived lentiviral vectors have
a bias towards transcriptionally active regions (27–29).
Integration of a transgene into the genome carries with it the
risk of insertional oncogenesis, which is closely related to the
propensity of each vector for a particular integration profile. In
the case of gammaretroviral vectors there is thus a higher
likelihood of inducing aberrant gene expression, which can
result in the activation of oncogenes, whereas lentiviruses
potentially have a greater risk of disrupting gene expression or
leading to the expression of gene fragments that could
theoretically lead to tumor-suppressor gene inactivation.
However, this is particularly relevant in gene therapy applied
to hematopoietic stem and progenitor cells (HSPC) (30, 31),
while T cells have been considered to have a low susceptibility to
transformation. Indeed, long-term safety has been demonstrated
after viral transfection (23). No T cell transformation has been
observed even in cases of gammaretroviral vector insertion into
an oncogene, such as Cbl, and destruction of a tumor suppressor
gene such as Tet Methylcytosine dioxygenase 2 (TET2) by
lentiviral vector integration, as has been reported in patients
treated with anti-CD19 and anti-CD22 CAR T cells (32, 33).

The two vectors also differ in the mode of infection, which
also has practical implications. Gammaretroviral vectors can
only infect cells with active cell division, whereas lentiviral
vectors are able to transduce non-dividing as well as the
dividing cells, but most current protocols activate T cells prior
to transduction (34). In addition, lentiviral genomes are more
complex than those of gammaretroviruses, making LV
production more complicated. Both viral vectors suffer from a
number of disadvantages as gene transfer vectors, including i.
limited insert size, ii. difficulty in producing high titers of stable
vector particles, iii. potential generation of replication competent
retroviruses/lentiviruses (RCR/RCL) during production, and iiii.
in vivo recombination with sequences from other viruses, such as
post HIV infection (35, 36). The generation of RCR/RCL in vitro
or in vivo is currently only a theoretical risk, as there have been
no cases of recombination in cellular products or in patients
treated with ex vivo gene therapy to date. Finally, viral vectors
have an intrinsic risk of immunogenicity, caused by humoral and
cellular immune response towards vector-encoded epitopes,
which might limit the efficacy and persistence of transduced
cells (37).

1.3.2 Non-Viral Transfection
Stable gene transfer delivery can also be achieved by using the
non-viral integrative vectors represented by transposons. In this
case, integration is obtained by means of transposase, an enzyme
that binds to sequences in the genome called transposons and
catalyzes their movement by a cut-and-paste or a replicative
transposition mechanism. The existence of mobile sequences in
the genome was originally discovered by the Nobel Prize-
winning geneticist Barbara McClintock in the 1940s while
studying kernel color variability in maize (38). The
repositioning of genes encoding for pigments resulted in a
variety of coloration patterns. The “jumping genes” in maize
were then called transposable elements (TE), or transposons, and
June 2022 | Volume 13 | Article 867013
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we now know that they are quite abundant in the genome,
constituting more than 80% of the maize genome and about 40%
of the human’s one, meaning that around 40% of the human
genome has undergone the process of transposition over the
course of human evolution (39). Transposition is known to cause
genetic diversity and adaptability, such as color change in maize
or antibiotic resistance in bacteria. This is likely the reason why
genes encoding for transposases are widely distributed in the
genome of most organisms (40).This class of genes belongs to the
superfamily of polynucleotidyl transferases that comprises
RNase H, Recombination-activating gene (RAG) proteins, and
retroviral integrases. Indeed, RAG enzymes have been proposed
to originate from TEs and have a pretty similar mechanistic
features (41), that allow them to alter gene structure as in V(D)
J rearrangements.

TEs are divided into two classes of TE, retrotransposons and
DNA transposons. Retrotransposons move through a copy-and-
paste mechanism using an RNA intermediate, represent the most
frequent class of transposons in the human genome, and
comprise Long Terminal Repeat (LTR) transposons, long
interspersed nuclear elements (LINEs), and short interspersed
nuclear elements (SINEs) (42). DNA transposable elements
move through a DNA intermediate via a cut-and-paste
mechanism and are the ones used in gene transfer applications.
Most DNA transposon families have an element encoding a
transposase gene flanked by inverted terminal repeats (ITRs).
Transposase recognizes and binds elements incorporated into
ITRs, catalyzes the excision of the transposon element from its
original position, and integrates it into another position in the
genome. The DNA sequence is inserted without the need for
sequence homology. Transposon-based vector systems have been
generated by splitting the transposase and the ITRs into two
components, so that the transgene cassette lies between the two
ITRs in a transposon vector. Throughout the next section, we will
focus on the different transposons available for clinical
applications, with an emphasis on the most widely used
transposon systems, Sleeping Beauty (SB) and piggyBac (PB).
Transposase is delivered in a ‘trans’ configuration to better
control the system and avoid residual expression, which could
then potentially lead to remobilization of the transposon into
other genomic compartments which is currently the most
prominent safety concern of this type of vector. One of the
possibilities to deliver transposon and transposase to generate
CAR T cells is through the use of a dual plasmid system, one for
the gene of interest and the other for the enzyme, by
electroporation of primary T cells, but has some limitations
that can be solved by using mRNA and DNA vectors with
decreased size compared to conventional plasmids. Anyway,
these two-component vector systems are less complex than
viral vectors and relies on relatively low costs of goods.
Plasmids can be produced in very large quantities, so that the
estimated costs are 5 to 10 times lower than the viral process (43).
Compared to other vectors, they have a larger cargo size which is
particularly relevant for future multi-targeting applications. The
integration profile of transposon vectors depends on the
transposase used, with some showing a bias towards specific
Frontiers in Immunology | www.frontiersin.org 5
regions, as in viral vectors, while others demonstrate a close-to-
random and safer profile with no preference, and we will see how
relevant this is in the next subsection. Unlike viral vectors,
transfection with transposon systems works well in both pre-
activated and resting primary T cells, leading to transgene
expression even in naïve cells (44). The ability of transposons
to transfect non-dividing and naïve cells might be exploited to
increase the persistence of CAR T cells in vivo. In contrast to viral
systems, which have weak preferences at the site of integration in
terms of DNA sequence recognition, transposons recognize a
consensus sequence (45).

Non-viral transposon vectors prove versatility, low
immunogenicity, and ease of production. However, they are
often associated with lower transfection efficiencies than
viruses. This may be in part due to the toxicity associated with
electroporation in the presence of DNA. Though, there could
also be reasons related to the type of gene material, viral material
being generally more efficient than plasmid DNA, and the
integration pattern itself. Finally, the possibility of transposon
vectors interacting with endogenous human DNA and protein
sequences is a theoretical safety concern. Fortunately, mammals
do not contain transposon DNA sequences sufficiently similar to
be cleaved by SB transposase, and there is no human protein
sufficiently similar to SB transposase to re-mobilize a SB vector
integrated into the genome. Instead, the human PGBD5 gene,
apparently derived from PB transposases, has been shown to
encode for a transposase capable of mobilizing insect PB
transposons in human cell cultures (46). It remains unclear
whether cross-reactions between the endogenous human
transposase and the PB transposon vector can occur and
undermine the genomic integrity of the transduced cells,
raising a potential risk in the context of using this vector for
genetic engineering (47).

Non-viral delivery of mRNA allows for transient transfection
and is generally achieved by electroporation or nanoparticles
(48). Once into the cell and without the need to reach the cell
nucleus, the mRNA is translated into the encoded protein that
can be stabilized when prolonged expression is needed and is
generally lost after 2-4 cell divisions, which is why this technique
is particularly suited to applications using non-proliferating cells.
Along with safety, the main advantage of this approach is the
availability of protocols for clinical translation of mRNA
strategies, thanks in part to SARS-CoV-2 vaccine research. As
of March 30, 2022, 64,4% of the worldwide population (49, 50),
including the authors of this paper, have received at least one
dose of Covid-19 vaccine and most of them thanks to
advancements in nucleic acid delivery protocols. The lack of
integration avoids the risk of genotoxicity associated with
integrating vectors and transient expression safeguards against
long-term toxicities, making this strategy a good approach to test
the safety of first-in-human CARs, targeting molecules with
expression in healthy tissues. The drawback of using transient
gene transfer is the short-term potency that is counterproductive
in strategies such as CAR T cell immunotherapy whose benefits
are mainly associated with rapid in vivo expansion and
generation of T cell memory and immunosurveillance.
June 2022 | Volume 13 | Article 867013
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Conversely, mRNA delivery is a versatile, flexible, and safe means
for all technologies involving a hit-and-run mechanism that
requires only transient expression, such as for nuclease
complex in gene editing, epitopes in vaccination, and
transposase in stable nonviral gene transfer.
2 PURPOSE OF THE REVIEW:
NON-VIRAL APPROACHES FOR
T CELL ENGINEERING

Despite great enthusiasm followed the approval by FDA of CAR
T cell products on the market, confounding challenges persist for
products based on ex vivo lentiviral or gammaretroviral
transduction. Since their introduction, transposon-based
platforms seem to represent a feasible, cheaper and useful
alternative to mediate gene transfer, and pioneer clinical
studies are currently emerging. We aim here to explore the
world of non-viral vectors navigating through their advantages
and drawbacks. In the next paragraphs, we will be reviewing
preclinical and clinical applications of the SB and PB
transposons, the utilization of the mRNA, and the modalities
to deliver non-viral vector into the cellular nucleus, such as
electroporation and nanocarriers. We will then be discussing the
critical aspects related to the safety and efficacy, with the
intention to provide practical considerations for exploiting
these tools in future clinical studies. Finally, we provide our
vision for future gene therapy with the advent of novel
challenges, such as multi-targeting design, but also innovative
tools, including DNA nanovectors and improved gene-editing
technologies. From this perspective, technologies such as
CRISPR/Cas9 are expanding the possibilities available in the
field of adoptive T cell therapy as reviewed in (51). Their
application in combination with viral techniques falls beyond
the scope of this review, whereas we will discuss the virus-free
CRISPR-Cas9 approach in the session related to future
directions. We are encouraged by the prospect of non-viral
vectors simplifying the CAR T supply chain, making it less
expensive, safer, and efficacious.
3 SLEEPING BEAUTY

3.1 Vector Design and Delivery
Awakened after a long evolutionary “sleep” , SB was
reconstructed from inactive transposon sequences present in
fish genomes, becoming the first transposon to show activity in
vertebrate cells (52), thereby leading new horizons for gene
therapy [reviewed in (53–61)]. Based on classical Tc1/mariner
DNA Class II TE, these “jumping” units are able to translocate
from one genomic position to another through a cut-and-paste
mechanism (62). The SB vector is constituted by two functional
components: the transposon DNA, which carries the gene of
interest flanked by ITRs, and the SB transposase, which
recognizes the ITR sequences and mobilizes the transgene
Frontiers in Immunology | www.frontiersin.org 6
from the donor DNA to an acceptor site inside the genome
(63, 64).

During the years, many attempts have been made to
improve the design of the SB vectors, leading to the
generation of several variants. Regarding the original
transposon vector, referred to as pT, the modification of
nucleotide residues within the ITR sequences by means of
mutations, additions or deletions have give rise to in
improved versions such as pT2, pT3, pT2B, and, lastly, pT4
(65, 66), which has an optimized donor vector architecture.
Similarly, transposase has also been extensively optimized to
increase the transposition efficiency. The first SB10 transposase
has passed through different mutagenized hyperactive versions
including the second-generat ion SB11 transposase ,
approximately threefold more active than the first-generation
SB transposase, to the more recent SB100X, holding 100-fold
increase activity than the first-generation enzyme (67). The
hyperactive SB100X system has shown to allow for efficient and
stable gene transfer in various cell types, including primary
human T cells (68), in a non-homologous recombination
restriction manner. Identification of the crystal structure of
the transposase catalytic domain has recently allowed the
design of hyperactive transposase variants, including the SB
transposase mutant (I212S), named hySB100X, which has 30%
higher transposition activity than SB100X (69). The enzyme
can also be modified to catalyze the excision but not the
genomic re-introduction, leading to extrachromosomal circles
similar to the excision circles formed during the process of VDJ
recombination. The exc+/int- mutant can be exploited for
transient transgenesis, e.g. to remove reprogramming factors
after generation of pluripotent stem cells (69). Similar to what
have been implemented for the CRISPR/Cas9 systems, attempts
have been made to deliver the SB100X as a protein. However,
the SB transposases showed intrinsic protein instability,
associated with low solubility as well as aggregating
properties. For this reason, efforts to improve their chemical
properties have led to the generation of a new highly soluble
variant (hsSB), including the C176S and I212S substitutions,
which has shown high self-penetrating properties (70). The
efficiency of this new type of SB transposase was tested in
human and mammalian cells such as stem cells, both of
embryonic and hematopoietic origin, induced pluripotent
stem cells (iPSCs), and primary cells such as human T cells.
hsSB was able to generate anti-CD19 CAR T cells, even though
with a lower transduction efficiency, displaying antitumor
activity analogous to CAR T cells engineered with viral
vectors in xenograft mice (71).

The integration of the excised transposon takes place in a close-
to-randommanner inside the genome when the transposase finds a
target site characterized by a TA dinucleotide (72) as illustrated in
Figure 2. When the transposase recognizes the ITR sequences
flanking the SB donor transposon and binds them, it induces
double-stranded breaks through the formation of a synaptic
complex. The resulting excision site is rapidly repaired by host
non-homologous end joining (NHEJ) and the terminal sequences of
the SB transposon that are formed after the cleavage generate a
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characteristic footprint in the donor DNA. At this point, the
transposon-transposase complex is free to find an appropriate
target site in the genome and integrate inside, leading to target
site duplication flanking the integrated element (73).

The peculiar integration bias has been deeply investigated
through genome-wide integration analyses comparing SB with
PB and Tol2 (74). The target site selection of SB, PB, MLV-
derived gammaretroviral and HIV-derived lentiviral systems was
compared in primary human CD4+ T cells. SB transposons
demonstrated to have the highest probability to target safe
harbors thanks to its unbiased, close-to-random integration
profile as compared to other methods which instead showed a
bias for transcriptional start sites, CpG islands and DNaseI
hypersensitive sites (45). Therefore, the mechanistic features of
SB make it a vehicle with a favorable risk-benefit assessment (45).

A big advantage of this type of strategy compared to viral
systems is the greater cargo capacity, though there is an inverse
correlation between the size of the insert and the efficiency of the
transposition mechanism (75, 76). Optimal cargo size is under 6
kb but the sandwich version, comprising two complete
transposon units flanking the cargo in an inverted orientation,
favors an increase in load up to 11 kb thereby extending cloning
Frontiers in Immunology | www.frontiersin.org 7
capability of the SB based vectors (77, 78). Moreover, when
combined with bacterial artificial chromosome (BACs), SB was
shown to deliver transgenes up to 100 kb at reasonable
efficiencies in human embryonic stem (ES) cells (79, 80).

Many attempts have beenmade tomanage toxicity caused by the
electroporation process. Since the damage is dependent on the
amount of DNA delivered and the magnitude of voltage pulses in
the electroporation process, the toxicity can be relieved by reducing
the size of the SB vector and delivering the transposase in other
forms than DNA plasmid. In this context, recent applications
foresee the use of the SB transposase in the form of mRNA or
recombinant protein and a minicircle vector (MC) encoding the
transposon (71, 81). The transposase mRNA results in increased
biosafety due to the fact that mRNA does not run the risk of
chromosomal integration and allows transient expression of the
enzyme. This aspect will be dealt with in more detail in paragraph
5.2. MCs are produced from plasmids through site-specific
recombination to eliminate bacterial origin of replication and
antibiotic resistance genes and retain exclusively the transgene
with its promoter. The presence of antibiotic resistance gene in
plasmids as a selectionmarker represent a safety concern for the risk
of horizontal dissemination into pathogenic bacteria. MCs have a
FIGURE 2 | SB and PB mediated integration.
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better transposition rate with a gene transfer 5-fold higher
compared to conventional plasmids and additionally a lower
toxicity (82). The use of bacteria plasmids can trigger an immune
response by the host caused by the activation via Toll-like receptors
by the unmethylated CpGmotif in the bacterial DNA sequence. The
lack of bacterial sequences inside MCs favors their lower
immunogenicity (83). Unfortunately, there are currently no
commercial large-scale GMP producers of MCs, hindering
commercialization.
3.2 Preclinical Evidence
The ability of SB vectors to provide long-term expression in vivo
has been demonstrated in multiple preclinical studies spanning a
wide range of fields, ranging from the application in cancer to
multiple diseases, reviewed by Hodge and colleagues (84).

The first representative studies that demonstrated the
feasibility of SB technology to generate anti-CD19 CAR T cells
from peripheral blood or cord blood were reported by Dr. Huang
at the University of Minnesota, and Dr. Cooper at the MD
Anderson Cancer Center (MDACC, Houston, TX, USA) (85,
86). They showed that SB transposase can be delivered either as
plasmid DNA or mRNA in combination with a CAR-encoding
transposon plasmid into T cells by electroporation to produce
functional anti-CD19 CAR T cells. To achieve a high
transduction of the final cell product, electroporated T cells
were expanded by multiple stimulations with CD19+ artificial
antigen-presenting cells (APCs), resulting in rapid outgrowth of
CAR expressing T cells.

Our group developed a clinical-grade protocol to engineered
T cells differentiated towards memory T cells with a CD8+CD56
+ phenotype in vitro, namely cytokine-induced killer (CIK) cells
with different CAR molecules (87), including the anti-CD19
CAR, anti-CD123 CAR, anti-BAFFR CAR, and anti-CD33
CAR. We transfected CIK cells with the SB11 transposase and
the pT vector (44, 87). The choice of the T cell population was
based on the high safety profile with minimal occurrence of
graft-versus-host disease (GvHD) (88), that allows the use of
donor-derived cells in clinical trials (89–91). In order to mitigate
cell damage induced by electroporation, we developed an
improved platform for SB-mediated engineering by stimulating
electroporated T cells with irradiated autologous PBMCs as
feeder cells. A single stimulation step allowed us to achieve a
sufficient number of CAR T cells for clinical applications and up
to 80% transgene expression in CIK cells as well as conventional
T cells (44, 87). The key benefit of our methods is the limited
manipulation, avoiding multiple stimulations. We confirmed the
close-to-random distribution of integrations in engineered CAR
T cells and the absence of integration near cancer related genes
(87). Adoptive transfer of anti-CD19 CAR or anti-CD123 CAR
lymphocytes led to a significant anti-tumor response in B-ALL
and acute myeloid leukemia (AML) disseminated disease
models, respectively. The preclinical evaluation phase
demonstrated the possibility of generating with this platform
CAR T cells characterized by a dose-dependent therapeutic effect
in patient-derived xenograft models, in the absence of toxicity,
Frontiers in Immunology | www.frontiersin.org 8
through a robust and reproducible production process (44).
Recently, the platform was applied to generate anti-CD33 CAR
T cells by using the hyperactive SB100X transposase and the pT4
vector, which showed improved transduction efficiency
compared to SB11 and pT systems and in vivo activity toward
chemotherapy resistant/residual AML cells (92).

Another example of enhanced SB-mediated engineering is the
one proposed by Monjezi et al. using SB100X and a pT2-based
MCs. The author stimulated T cells with anti-CD3/CD28 beads
before electroporation and the resulting transduction efficiency was
about 30%. Prior to functional testing, EGFRt-positive CAR T cells
were purified and expanded with irradiated CD19+ feeder cells. The
resulting anti-CD19 CAR T cells have potent anti-tumor responses
and was shown to be equally functional as anti-CD19 CAR T cells
prepared by lentiviral transduction in vitro and in vivo (81).

In recent years, more and more functional advancements are
taking place to reduce ex vivo manipulation of CAR T cells in
order to preserve their persistence and anti-tumor activity (93).
One of these efforts is represented by the study of Chicaybam and
collaborators, demonstrating the possibility of generating SB-
engineered anti-CD19 CAR T cells in 8 days activating with
Transact (Miltenyi Biotec) after electroporation. The resulting
cell populations exhibit robust antileukemic activity both in vitro
and in vivo associated with a central memory phenotype (94).
The same group demonstrated that CAR T cells can be generated
by SB and used without the need of stimulation and expansion.
Similar in vivo activity was demonstrated by CAR T cells injected
24 hours after electroporation and cells expanded with anti-CD3/
CD28 coated beads for 8 days (95). This point-of-care
technology can even be optimized by co-expression of a safety
switch and a membrane-bound version of interleukin-15
(mbIL15) to enhance safety and in vivo persistence and
demonstrated anti-tumor activity against CD19+ tumors and
prolonged T cell survival in mouse models (96).

This approach has been utilized for the development of
UltraCAR T platform based on the use of the non-viral system
to deliver multiple genes by SB vectors. Using this platform,
Chan et al., developed autologous cells co-expressing a CD33
CAR and mbIL15 (PRGN-3006) for the treatment of r/r AML
and high-risk myelodysplastic syndrome (MDS). This platform
shortened the manufacturing process and allows infusion of the
product the day after transduction, obviating the need for ex
vivo cells expansion. In preclinical validation, in vivo
administration of a single dose of PRGN-3006 UltraCAR T
cells significantly improved the overall survival of AML-bearing
mice compared to CAR T cells lacking mbIL15 (97). The same
group developed a PRGN-3007 UltraCAR T co-expressing
mbIL15, a CAR specific for receptor tyrosine kinase-like
orphan receptor 1 (ROR1) that is frequently overexpressed in
hematological and solid tumors, a safety switch, and a novel
mechanism for intrinsic blockade of PD-1 gene expression.
Notably, preclinical data demonstrated the safety and the
improved anti-tumor activity of PRGN-3007 compared with
the control ROR1 CAR T (98).

The optimized donor-vector architecture of the pT4 vector
coupled to the use of the hyperactive SB100X allows the
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generation CAR T cells engineered with bicistronic vectors.
Using this platform, CAR T cells were incorporated with the
inducible Caspase 9 (iC9) safety switch and showed anti-
leukemic activity in mouse models and were as efficient as
CAR T cells generated with a LV vector (99). Furthermore,
this system was used to combine the expression of anti-CD33
CAR and the chemokine receptor CXCR4 to increase CARCIK
cell homing to the bone marrow niche (100).

Recent evidence reveals the suitability of the SB vector to
enable engineering of primary natural killer (NK) cells with anti-
CD19 CAR, which showed a safe genomic integration profile and
antitumor activity in vivo (101). Manufacturing protocols
associated with preclinical studies employing SB in the context
of CAR T cells are summarized in Table 2.

3.3 Clinical Applications
Following promising results obtained in the preclinical phase,
the group of Cooper et al. contributed to the clinical debut of
SB-engineered anti-CD19 CAR T cells and provided proof of
Frontiers in Immunology | www.frontiersin.org 9
concept of the convenience of SB transposition for CAR T cell
engineering. Two pilot clinical trials (NCT00968760,
NCT01497184) confirm the safety of SB-engineered anti-
CD19 CAR T cells in 26 patients with B-ALL and non-
Hodgkin’s Lymphoma as adjuvant therapy after autologous
or allogeneic hematopoietic stem cells transplant (HSCT) (103).
Cell product manufacturing included T cell nucleofection with
the transposase SB11 plasmid and pT2 vector encoding a
second generation anti-CD19 CAR with CD28 as a
cos t imula tory agent and ex v ivo propagat ion for
approximately 28 days with multiple stimulations using
artificial APCs and cytokines. Patients were subsequently
enrolled in a long-term follow-up study lasting up to 15 years
and the persistence of genetically modified T cells was
monitored annually using droplet digital polymerase chain
reaction (ddPCR) and flow cytometry. Limited expansion and
absence of B-cell aplasia were reported. However, CAR+ T cells
were detected up to 4 years after infusion in autologous HSCT
recipients and 2 years in allogeneic HSCT recipients (104).
TABLE 2 | Manufacturing protocols associated with preclinical studies employing SB in the context of CAR T cells.

Background Description Vector Electroporation Stimulation Transduction and Yield Reference

B-ALL and
AML

Anti-CD19 CAR-T cells
showed proof-of-concept
tumor eradication in B-
ALL xenograft models;
anti-CD123 CAR T cells
controlled KG-1 AML in
xenograft models

CD19CAR/pT
MNDU3
transposon (15
mg)
+ pCMV‐SB11
transposase (5
mg)

10^7 peripheral blood
mononuclear cells
(PBMCs) using 4D‐
Nucleofector system
(Program EO-115) with
P3 Primary Cell
4D‐Nucleofector X kit
(Lonza)

Autologous PBMCs irradiated
with 60Gy g‐rays are added
after electroporation and
OKT‐3 is added at day 1.
IL‐2 is added weekly.

CAR expression: 75.6% for
CD123.CAR and 80% for
CD19.CAR
Large scale T cell expansion:
23-fold in 18-21 days
CAR T cell expansion: from
60×10^6 to 8.6×10^8

Magnani et al;
2018 (44)

AML Anti-CD33 CAR-T cells
showed delaying
AML progression in
patient-derived xenograft
models

CD33CAR/pT
transposon (15
mg)
+ SB100X-pT4
transposase
(0.5 mg)

As Magnani
et al.;2016 (87)

As Magnani et al.;2016 (87) CD33CAR expression:
63.7%T cell expansion: 38.8-
fold after 3 weeks.

Rotiroti et al.;2020
(92)

Glioma Production of EGFRvIII
CART cells in two weeks
showed superior
therapeutic efficacy in
mice bearing established
orthotopic gliomas

EGFRvIIICAR
pT/neo
transposon (10
mg)
+ pCMV-SB11
transposase (5
mg)

20 × 10^6 PBMCs or
T cells using Amaxa
Nucleofector 2B
(Lonza) with program
U-014
in T-cell
electroporation buffer
(Lonza)

CAR T cells were stimulated
with 100 Gy-irradiated
EGFRvIII+ K562 ells in the
presence of IL-21. After7
days, T cells were
restimulated in the presence
of IL-2 and IL-21.

CAR T cell (back calculated
inferred numerical
expansion): From 10^6 to
around 5×10^7 in two weeks
and 10^9 in 30 daysEGFRvIII
CAR expression: around
90%

Caruso
et al.;2019 (102)

CD19+ B-
cell
malignancies

Anti-CD19 CAR-T cells
generated in 8 days
showed effective
antitumor response in
mice xenografted with
RS4;11 or Nalm-6 B-cell
leukemias

pT3 19BBz
CAR
transposon (20
mg)
+ pCMV-
SB100x
transposase (1
mg)

10^7 PBMC using
Amaxa Nucleofector
2B with program U-14

After electroporation cells are
cultured with IL-2 and, 2h
later, are activated with T Cell
TransAct (Miltenyi Biotec)

Absolute number of T‐cell
expansion: from 10^7 to
3.6×10^7 after 8 days of
cultureCAR expression
range: 20.4%–37.3%

Chicaybam
et al.;2020 (94)

Lymphoma anti-CD19 CAR T cells
engineered with MC SB
vectors eradicated
lymphoma cells in Raji
xenograft model

pT2 CAR
EGFRt MC DNA
(1 mg) +pCMV-
SB100X MC
(1:1 ratio) or
pCMV-SB100X
mRNA (1:4
ratio)

T cells are activated
with anti-CD3/CD28
beads (Thermo Fisher
Scientific) and on day
2 electroporated
(1×10^6 T cells) using
4D-Nucleofector

After electroporation T cells
are propagated with IL-2.
Prior to functional testing,
EGFRt-positive T cells are
enriched and expanded with
irradiated CD19+ feeder cells
for at least 7 days

CAR T cell expansion: From
1×10^6 to around 20×10^6
(MC-MC) and 12×10^6 (MC-
mRNA) in 2 weeksCAR
expression: 49.8% for MC-
MC and about 40% for MC-
mRNA on day14

Monetzi et al;2017
(81)
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Since long manufacturing processes and multiple stimulations
are known to impair T cell fitness, resulting in decreased
efficacy in vivo, in collaboration with Ziopharm Oncology
(Boston, MA), a second-generation approach was developed
by reducing to 2 weeks the time require for coculture with
feeder cells. A clinical trial was designed (NCT02529813) in
which CAR T cells have been infused in combination with a
Fludarabine- and Cyclophosphamide-based lymphodepletion
regimen in adult and pediatric patients with active CD19+
malignancies (105). This trial aim is to provide data supporting
a 3rd-generation point-of-care trial to very rapidly manufacture
(< 2 days) anti-CD19 CAR T cells in absence of feeder cells (96).

Thanks to the in-house establishment of a clinical-grade
platform to obtain non-viral CAR T cells in about 20 days
(44), we designed a multicenter phase I/II trial in B-ALL
patients relapsed after allogeneic HSCT (NCT03389035).
Donor-derived anti-CD19 CAR T cells were generated by
electroporation with the SB11 transposase-encoding plasmid
and a transposon expressing a third-generation CAR and
differentiation into CIK cells (CARCIK-CD19). Cells were
manufactured from 50 mL of peripheral blood from the allo-
transplant donor. A total of 21 patients, 4 children and 17 adults
were lymphodepleted and treated with a single infusion of
CARCIK-CD19 product. In most patients, potent CAR T cell
expansion and long-term persistence were achieved, which was
associated with anti-leukemic activity and induction of a
sustained response. Moreover, integration site analysis
performed on patients’ peripheral blood demonstrated that SB
integration pattern, with absence of preference for
transcriptional start sites and promoters, is maintained after
infusion. High polyclonal marking and population diversity
confirmed the positive safety profile of the SB technology (43).
Cytokine release syndrome (CRS) was observed in six patients
and neurotoxicity in two patients while acute GvHD was never
observed (106). As a reinforcement of the previously
implemented study, a new trial in our centers that involves re-
treatment of patients has recently begun and patient enrollment
is currently underway.

Besides the reported trials, CAR T studies using the SB
platform are currently underway in the USA and Europe.

Given the promising preclinical data of UltraCAR T cells, two
clinical trials have been launched. Specifically, a Phase 1/1b first-
in-human dose escalation/dose expansion study (NCT03927261)
is evaluating the safety of PRGN-3006 UltraCAR T co-expressing
an anti-CD33 CAR and mbIL15 in adult patients with r/r AML,
hypomethylating agents (HMA) failure, high risk MDS and
chronic myelomonocytic leukemia (CMML). Preliminary data
showed that PRGN-3006 infusion was well tolerated and
achieved a 50% response rate in patients treated with
lymphodepletion, associated with CAR T cell expansion and
persistence (107).

A second study (NCT03907527), evaluating the safety of
PRGN-3005 UltraCAR T cells co-expressing an anti-MUC16
CAR, mbIL15 and a kill switch in the treatment of patients with
platinum resistant ovarian cancer patients is ongoing (108).
Frontiers in Immunology | www.frontiersin.org 10
The CARAMBA trial has been recently launched as a joint
effort supported by an EU Horizon grant and is using mRNA
encoding the hyperactive SB100X transposases in conjunction
with CAR transposon supplied as an MC vector. In this Phase I/
II clinical trial autologous anti-slam family member 7 (SLAMF7)
CAR T cells are being used against MM to investigate the
feasibility, safety, and anti-myeloma efficacy (109).
4 PIGGYBAC

4.1 Vector Design
PB was originally isolated from the cabbage looper moth
Trichoplusia ni over 30 years ago and has been optimized over
the years (110). As with the SB vector, the PB system is
constituted by the PB transposase (PBase), in the form of
mRNA or DNA, and a separate transfer plasmid carrying the
desired genetic cargo (111). It belongs to the class of DNA
transposases and to improve its transposition efficiency, the
transposase has been optimized through random mutations
resulting in useful variants such as the hyperactive version of
PBase (hyPBase) (112). Another interesting variant is the
excision competent/integration defective (exc+int-) PB
transposase that allows transient transgenesis, by enabling
excision in the absence of re-integration into the host genome.
One potential application of exc+int- PBase would be the
transient introduction of transcription factors for transgene-
free iPSC production, the same as for the exc+/int- mutant of
SB100X. The exc+int- PBase can be fused to zinc finger proteins
binding to safe harbors to favor integration into to specific
genomic regions (113).

The design of PB transposon vectors is characterized by a
single open-reading frame (ORF) flanked by ITRs that in PB are
characteristically asymmetric. The transposase recognizes ITRs
flanking the transposon and catalyzes transgene excision and
integration into genomic DNA by a cut-and-paste mechanism.
Specifically, the transposition involves a series of hydrolysis and
transesterification reactions with the generation of a DNA
intermediate in which DNA hairpins provide exonuclease
protection for the transposon ends. One of the peculiar
features of PB is its specificity towards TTAA sites for
integration in contrast to SB’s preference for TA dinucleotides.
Although PB can integrate into any TTAA target site, the
epigenetic status may affect integration site preference of PB
transposons. Another attractive characteristic of the PB
transposase is the lack of a DNA footprint after its excision
(see Figure 2). In contrast to the mobilization of other
conventional DNA transposons like SB, which are associated
with NHEJ of the donor DNA (114), PB does not require DNA
synthesis. Indeed, as long as an active transposase persists in the
cell, integrated transposons can be remobilized to new sites. In
the event that the transposon has integrated into a gene, the
footprints created at the excision site could produce undesirable
mutations of the gene in which they were left. This feature is an
advantage of the PB system from the safety perspective.
June 2022 | Volume 13 | Article 867013
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PB has a higher transposition activity for transposon
mobilization than SB in mammalian cells (115), a larger cargo
capacity (up to 14 kb) than viral vectors, and allows multiple
transgene delivery through the design of multicistronic cassettes
(116). Moreover, like gammaretrovirus, PB showed a preference
for integration near TSSs, CpG islands and DNaseI
hypersensitive sites, the consequence being that the risk of
gene dysregulation is increased (73). Furthermore, analyzing
integration sites occupied under the selective pressure provided
in insertional mutagenesis (IM) screens, it has been
demonstrated that PB compared to SB, is more prone to
association with oncogenes (117).

Recently, the discovery in human genome of the human
piggyBac transposable element derived 5 (PGBD5) has raised
possible safety concerns in PB-gene transfer application (46,
118). Indeed, the presence of PGBD5 could allow the
remobilization of PB transposons in human cells with a higher
risk of genes dysregulation. With respect to this aspect, however,
there is still considerable uncertainty. Beckermann T. M. et al.,
observed that transposition activity is probably restricted within
species to cognate ITR sequences and in particular, PGBD5
appeared in their study, unable to bind, excise or integrate PB
transposon in human cells (119).

Therefore, PB has a series of useful characteristics for genetic
engineering: i. a higher transposition activity than SB, ii. its
precise excision from an insertion site, restoring the site to its
pre-transposon state without DNA footprint, iii. its wide range of
appl icat ions such as mutagenesis , introduct ion of
reprogramming factors to generate iPSCs, and gene transfer.
For the purpose of the review, we focus on the application of PB
transposon system in the CAR T production.

4.2 Preclinical Evidence
One of the most challenging issues using transposons is the
toxicity of the transduction procedure. In particular,
electroporation in the presence of exogenous DNA is toxic and
decreases cell survival to less than 40% after 24h from
transfection. To improve the efficiency of PB transfection,
different approaches have been tested such as the addition of
survival-promoting cytokines such as IL-7 or IL-15 that increase
the frequency of gene expression and the ability of the
transduced cells to expand. Alternatively, T cell expansion was
stimulated by the use of feeder cells represented by autologous
PBMCs or other sources such as the K562 cells, modified to
express costimulatory molecules. Therefore, the quality of the
final CAR T product depends on several factors that go from the
construct characteristics (such as cargo size, costimulatory
domains, spacers) to the manufacturing platform. Many
preclinical studies exploited PB as a tool to generate CAR T
cells for hematological malignancies and solid tumors.

One of the first pieces of evidence of the potential for the PB
platform to stably transfect human T cells in cancer therapy were
reported by Nakazawa Y. et al. They obtained stable gene
expression in about 20% of primary T cells without selection,
improved to 40% with the addition of IL-15 (120). In a
subsequent study by the same group, a significant increase in
Frontiers in Immunology | www.frontiersin.org 11
CAR expression was achieved using irradiated activated T cells as
feeders and alternative means of TCR stimulation using viral
antigens instead of anti-CD3/CD28 mAbs. Efficiency was further
improved by reducing the size of the CAR cassette with the
elimination of the long IgG1.CH2CH3 spacer (121). With this
approach, PB-generated anti-CD19 CAR T were used to treat B-
ALL cells in the central nervous system (CNS) in a xenograft
mouse mode l compar ing int ra-venous and in tra-
cerebroventricular delivery. Direct CNS delivery of CAR T cells
resulted in eradication of B-ALL from the CNS without fatal
adverse events, proving the activity of PB-generated CAR T cell
in vivo and suggesting this strategy as a possible therapeutic
approach for isolated or advanced CNS disease (122).

The use of feeders to support generation of CAR T
electroporated with non-viral transposons appears to be useful
also for PB. Similar to what we first described for generating CAR
T cells with SB (123), irradiated autologous PBMCs have been
used to efficiently produce CAR T cells (124). Although the
generation of anti-CD19 CAR T cells with the PB transposon
system was demonstrated to be efficient using feeders, first
attempts showed poor in vivo activity due to the interactions
between the CAR spacer and Fc gamma receptor-expressing
cells. Optimization of the construct led to the generation of an
anti-CD19 CAR lacking the spacer IgG1 Fc region which
demonstrated superior efficacy in a murine B-ALL xenograft
model. Moreover, the inclusion of 4-1BB costimulatory domain
had greater efficacy in vitro and in vivo at lower CAR T cell doses
than those with a CD28 costimulatory domain (111).

Most of the manufacturing protocols for viral CAR T
production activate T cells with anti-CD3/CD28 stimulation
and the addition of IL-2 during culture. This system may have
some limitations when applied to cells electroporated with
transposons, such as the expansion of non-transduced T cells
and the enrichment of terminal effector T cells at the expense of
the immature stages. An alternative approach is the activation of
the CAR T receptor by its cognate ligand or specific anti-CAR
antibody in the presence of IL-4 and IL-7, which led to selected
expansion of functional anti-CD19 CAR T cells, resulting in 90%
of CAR positive cells. Moreover, the addition of IL-21 to the IL-4
and IL-7 mixture improves the immunophenotype of CAR T
cells with more represented immature stages with less expression
of exhaustion molecules such as PD-1, LAG-3, and TIM-3 (125).

CAR-mediated stimulation is often required to obtain
sufficient numbers of CAR+ cells. For instance, none of the
previously reported methods, including HER2-expressing tumor
cells, irradiated activated feeder T cells with anti-CD3/CD28
antibodies, and autologous irradiated PBMCs alone, was able to
improve the expansion of anti-HER2 CAR T cells modified with
PB. Conversely, stimulation with autologous PBMCs engineered
with HER2 and costimulatory molecules such as CD80 and 4-
1BBL enhanced the expansion of anti-HER2 CAR T cells
modified with PB. At the end of the expansion, the cellular
product was enriched in CAR T stem cell memory-like cells and
exerts anti-leukemic activity in vitro and in vivo (126).

Another manufacturing platform developed to reduce T cell
exhaustion applied PBMCs pulsed with a pool of viral peptides
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and IL-7 and IL-15 in the first week, followed by stimulation on
anti-CD3 or anti-CD28 mAbs-coated plates. With this protocol,
in the setting of neuroblastoma, functional anti-GD2 CAR T cells
were associated to low expression of PD-1 and improved naïve/
stem cell memory phenotype. In addition, the authors suggested
a possible synergistic effect of PB anti-GD2 CAR T cells and
MEK inhibitors (i.e. trametinib) regardless of the mutation status
of the MAPK pathway in tumor cells with an enhanced efficacy
of CAR T therapy in the setting of neuroblastoma (127).

CAR T cells directed against granulocyte-macrophage
colony-stimulating factor receptor (hGMR or CD116)
generated with PB were used in a non-human primate (NHP)
model to evaluate their safety (128). To generate cynomolgus
macaque CAR T cells, electroporated PBMCs were cultured in
the presence of human IL-15 and IL-7 with the addition of
immature dendritic cells, derived from autologous cynomolgus
PBMCs using human IL-4 and GM-CSF.

The anti-hGMR CAR T design has been further optimized by
substitution of the antigen-binding domain with a mutated GM-
CSF and CH2CH3 hinge with a G4S spacer and an improved
anti-tumor activity against CD116+ AML was demonstrated
both in vivo and in vitro (129).

Another issue with classic transposon transduction protocols
is their reliance on bacteria for the production of plasmid vectors.
To avoid undesired qualities of bacterial plasmids, including
activation of host immune responses, antibiotic resistance, and
endotoxins, CAR+ T cells were produced by co-electroporation
of a linear DNA transposon and mRNA encoding the PB
transposase, reaching a transfection efficiency of 60% and a
vector copy number (VCN) of less than 3 copies of transgene
per transduced cell. The linear vector was prepared enzymatically
in vitro by PCR whereas mRNA was obtained through in vitro
transcription. Electroporated cells were cultivated in presence of
IL-4, IL-7, and IL-21 and maintained an early memory
immunophenotype at the end of the differentiation (125).
Similarly, the possibility to include the gene of interest flanked
by ITRs in doggybone DNA vectors (dbDNA) was investigated.
dbDNA are synthetic, linear, covalently closed DNA vectors that
can be inexpensively and rapidly produced in vitro at large scale
in a bacteria-free system from the parent plasmid. Unlike open-
ended linear DNA which had a propensity for integration,
dbDNA with their covalently closed ends has a lower tendency
to integrate with a reduced risk of undesirable genomic
integration of PB transposase. Using two linear dbDNAs
containing PB transposase and the anti-CD19 CAR cassette
incorporating 200bp sequences flanking the ITRs, respectively,
it was possible to produce CAR T cells in vitro (130). The
manufacturing protocols for PB-generated CAR T cells are
summarized in Table 3.

4.3 Clinical Applications
Growing preclinical data supporting the feasibility and safety
of the PB-based platform for CAR T manufacturing have
allowed this system to enter clinical trials. The Australian
CARTELL trial is a phase-I study (ACTRN12617001579381)
to investigate the efficacy and safety of donor-derived anti-
Frontiers in Immunology | www.frontiersin.org 12
CD19 CAR T cells obtained through the PB transposon system
in patients with relapsed and refractory CD19+ B-cell
malignancies after HLA-matched sibling HSCT. Early results
suggested activity similar to that of anti-CD19 CAR T cells
generated with viral vectors with a high response rate.
However, two of 10 treated patients developed malignant
CAR 19 T cell tumor, one of whom died of disease-related
complications while the other patient was successfully treated
(132). Malignant cells showed high transgene copy number (24
copies) in the first reported patient, CAR overexpression,
alteration in genomic copy number variation, and insertion
into the BACH2 and FYN genes. It is not yet clear which event
caused the CAR T cell transformation, but it is widely accepted
that the probability of insertional oncogenesis increases as the
transgene copy number increases, which is why a limit of 5
VCNs is normally required by the regulatory authorities.
Furthermore, it is likely that the numerous genomic
deletions and insertions observed may have been driven by
the use of a single high voltage pulse or excessive transposase
activity. Insertional mutagenesis may also have contributed to
the process of transformation. Both patients who developed
lymphoma have an intronic integration in the BACH2 gene,
whose expression is therefore downregulated. BACH2 is a
DNA-binding and transcription-regulating protein that plays
a key immunoregulatory role and has been previously
associated with cutaneous T cells lymphomas (133). BACH2
is one of the genes most frequently targeted by HIV-1 insertion
but HIV integration into BACH2 has never been associated
with insertional mutagenesis (134). Hence for now there is no
clear evidence of the contribution of these integrations
to transformation.

Two phase I studies conducted respectively in Japan (UMIN
Clinical Trials registry ID: UMIN000030984) and China
(clinicaltrials.gov ID: NCT04289220) are investigating the
feasibility and safety of anti-CD19 CAR T cells manufactured
with the PB system. In the Japanese study, three patients with R/
R B-ALL were infused with 1x10^5 autologous anti-CD19 CAR
T cells per kilogram after lymphodepletion in cohort 1. All
pat i ents prev ious ly rece ived HSCT. Interes t ingly ,
administration of T cells produced by PB was safe and none of
the patients showed dose-limiting-toxicities so far. One patients
showed a B-cell aplasia lasting 9 months (135).

Results from a phase I trial using PB-generated anti-EGFR
CAR T in R/R advanced non-small cell lung carcinoma (NSCLC)
were recently published. Nine patients were treated with anti-
EGFR CAR T cells, without grade 4 adverse events. Despite most
patients showing the presence of circulating CAR T cells, only
one patient showed a partial response while the other patients
had persistent disease or progressed (NCT03182816) (136).

Although the results of transposon-engineered CAR T cells in
clinical trials are preliminary, several early signs of clinical efficacy
are emerging. A step forward has been made with anti-BCMA CAR
T cells (P-BCMA-101) engineered through the PB platform for
patients with R/R MM. To improve transposition, the
manufacturing process was changed during the study to include
the use of nanoplasmids that allow for the reduction of backbone
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size and bring ITRs closer. The cellular product showed a high
composition of T stem cell memory (TSCM). Ninety patients have
been treated with P-BCMA-101 and early results showed an overall
response rate (ORR) 57% in the initial dose escalation and 73% in
combination with Rituximab with remarkably low toxicity
(clinicaltrials.gov ID: NCT03288493) (137).
Frontiers in Immunology | www.frontiersin.org 13
5 mRNA

RNA has emerged as a versatile therapeutic reagent (138, 139).
Seminal work by Malone more than 30 years ago demonstrated
that RNA mixed with lipids can be absorbed by human cells
and translate protein from it (140). Malone postulated in 1988
TABLE 3 | Manufacturing protocols associated with preclinical studies employing PB in the context of CAR T cells.

Background Description Vectors Electroporation Stimulation Transduction and
yield

Reference

PB transposon
platform

Optimization of PB
transposon platform for
T-cells engineering using
GFP as reporter

different quantities
of pIRII-eGFP and
pCMV-PB
transposase

5x10^6 PBMCs
using Nucleofector
Device (Lonza,
program U-014)
with the human T-
cell Nucleofector
Kit

stimulation with CD3/CD28 mAbs and
cytokines (IL-2, IL-15, IL-7, IL-4);
transgenic T cells were selected on day 8
and expanded with feeder cells
(autologous PBMCs or modified K562
cells)

Optimal results were
obtained with 5µg of
transposon and
transposase with a
transfection
efficiency of 20%,
improved to 30-
40% with addition of
IL-15.

Nakazawa
et al., 2009
(120)

B-ALL anti-CD19 CAR-T cells
lacking the spacer IgG1
Fc region demonstrated
superior efficacy in
murine B-ALL xenograft
models

pVAX1PB (5µg) +
pVAX1SPBase
(5µg)

4x10^6 PBMCs
using Neon
Electroporator with
single pulse, 20 ms
and 2400 V

Electroporated cells were cultivated in
presence of IL-15 and stimulated with
irradiated autologous PBMCs on D1 and
after every 7 days.

Expansion: 100-fold
after 22 days
CAR expression:
from 35% to 97%,
depending on the
construct

Bishop D.
C. et al.,
2018 (111)

CD19+ B-cell
malignancies

Anti-CD19 CAR T cells
manufactured in the
presence of IL-4, IL-7
and IL-21 showed
effective cytotoxic activity
in vitro

5 µg (2:1 mixture of
PB transposon
vector and pCMV-
PB hyperactive-
transposase)

4x10^6 PBMCs
using Neon
electroporator
inbuffer T (1x20
ms/2300V)

Electroporated cells were stimulated the
day after in the presence of IL-4, IL-7 and
IL-21 (stimulation by CD19 expressed on
the surface of B cells in PBMC)

CAR expression:
90% in the presence
of IL-4, IL-7 and IL-
21. 30% when
stimulated with anti-
CD3/CD28 mAbs
Expansion: from
4x10^6 to about
30-40×10^6 in 17
days and 100-
120×10^6 in 24
days

P. Ptackova
et al., 2018
(131)

CD19+ B-cell
malignancies

anti-CD19 CAR T cells
generated with co-
electroporation of linear
DNA transposon and
mRNA encoding
transposase showed lytic
activity in vitro

pPB DNA linear
transposon
produced by PCR
(3-0,3µg) +
hyPBase mRNA
transposase (12 µg)
with 3′-O-Me-m7G
(5′) PPP(5′) G RNA
cap structure

1x10^7 PBMCs
electroporated as
in Ptackova et al.,
2018 (131)

stimulation with TransAct reagent the day
after electroporation and expansion for
21 days in the presence of IL-4, IL-7, and
IL-21

CAR expression:
60-70% after 14-21
day of expansion
Expansion: from
1x10^7 to 1x10^7
in 14 days and
1x10^8 in 21 days

I.
Kastankova
et al., 2021
(125)

Neuroblastoma Anti-GD2 CAR T cells
manufactured using
autologous PBMCs
pulsed with a pool of viral
peptides showed
effective antitumor
response in xenograft
model when combined
with MEK inhibitor

pIRII-GD2-28Z CAR
plasmid (7.5µg) +
pCMV-PB
transposase
plasmid (7. 5µg)

2x10^7 PBMCs
using 4D-
Nucleofector and
the P3 Primary Cell
4D-Nucleofector X
kit, program FI-115
[See Morita D.
et al., 2018 (121)]

stimulation with 5x10^6 autologous
PBMCs pulsed with MACS PepTivator
(AdV5 Hexon, HCMVpp65, EBNA-1, and
BZLF), IL-7 and IL-15. Transfer to anti-
CD3 or anti-CD28 mAb-coated plates on
day 7 and expansion in G-Rex 6 Multi-
Well Cell Culture Plates (Wilson Wolf
Corporation, New Brighton) on day 9

CAR expression:
44% ± 6% at day
14 after transfection.

Tomida A.
et al., 2021
(127)

HER2 positive
solid tumor

HER2-CAR-T cells
showed the ability to
control Her2-positive
tumor in mice

pIRII-HER2-28z
plasmid (5µg) +
pCMV-PB
transposase
plasmid (7.5µg)

20x10^6 PBMCs
using 4D-
Nucleofector and
the P3 Primary Cell
4D-Nucleofector X
kit, program FI-115
or the MaxCyte
ATX protocol RTC
14-3.

Electroporated cells were stimuled with
PBMC, electroporated with plasmid
encoding tHER2, CD80 and 4-1BBL and
UV-inactivated, on day 1 and cultivated in
presence of IL-7 and IL-15 for 14 days

Expansion: 8 ± 1
fold CAR CAR
expression: 60% ±
9% at day 14.

Nakamura
K. Et al,
2021 (126)
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that if cells can create proteins from external mRNA then it
might be possible to “treat mRNA as a drug”. Since then, RNA
has been used in other ways such as to restore functional
expression of a mutated gene, knock out genes to silence
expression (141, 142), modify cell phenotypes or to encode
antigens. Here we focus on the use of RNA to modify leukocytes
(143) to achieve temporary or long-term expression of CAR
receptors in T cells.

5.1 Vector Design
Successful protein expression from RNA depends on its stability
and translational efficiency. Those features are determined by
cis-acting elements such as a 5’ cap structure, polyA tail, and the
composition of the coding sequence as well as untranslated
regions that might be present on 5’ and 3’ ends of the
molecule. These cis-acting elements in the RNA conspire with
trans-acting cellular factors leading to translation and
protein production.

The sequence of the RNA cassette can be encoded by a
linearized DNA plasmid or by a PCR fragment that contains
an RNA polymerase binding site or promoter, such as the
bacteriophage T7 RNA polymerase to initiate the transcription
reaction. Tools are available for coding sequence optimization
including codon optimization for changing synonymous codons
for enhanced expression in target tissues or cells, reducing
secondary structures of the RNA that lower translation levels
(144) or modification of the coding sequence itself to express
more active isoforms (145, 146). More recently, producing RNA
molecules with modified ribonucleosides such as pseudouridine
has demonstrated improved translational capacity as well as
diminished immunogenicity by decreased stimulation of Toll-
like receptors (TLRs). This makes it particularly useful for work
with immune cells, such as T cells, that express TLRs or as a
vaccine (147). The first-in-man data for the use of RNA with
modified 1-methyl pseudouridine became widely available with
the advancement of mRNA Covid-19 vaccines (148, 149).

The cap structure at the 5’ end of the RNA molecule, required
for translation, can be incorporated in a co-transcriptional
manner, using the m7G(5’)pppG cap analog (150), Anti-
Reverser Cap Analog (ARCA) (151), by enzymatic methods
such as recombinant vaccinia virus capping enzyme (152, 153)
or by a more advanced technology called CleanCap® which
results in a natural structure of the RNA cap (type 1 cap).

A PolyA tail can be encoded in a transcription template
containing a stretch of 64T nucleotides at the 3’ end of the
molecule (146). Some RNAmolecules (145) require longer polyA
tails for efficient expression and biological activity. However, the
longer polyA tail cannot be encoded in the plasmid template due
to the instability of long homopolymeric stretches in plasmid
DNA (154). A longer polyA tail can be added using enzymatic
polyadenylation. We and others reported that a longer poly(A)
tail of 120 A residues as opposed to the more conventional poly
(A) tail of 64 bases achieves higher protein expression levels
(145, 155).

Additionally, both the 5’ and 3’ ends of an RNA molecule can
be further modified with flanking untranslated regions (UTRs) to
Frontiers in Immunology | www.frontiersin.org 14
enhance translation (155–161). Figure 3 presents the design of a
mRNA vector.

5.2 Preclinical Evidence
RNA lends itself to versatile transfection methods with cells
including electroporation (162), cationic lipids (163), and
cationic polymers (164). mRNA has been used in a number of
in vitro and in vivo preclinical studies to introduce CARs into T
cells for testing in model systems for hematological tumors
chronic lymphocytic leukemia (CLL), AML, ALL and solid
tumors. Cytotoxicity and tumor growth inhibition was
demonstrated in these models (165, 166). While mRNA-based
therapies were shown to have reduced off target effects, lower
toxicity and alleviate integration-associated safety concerns, the
transient nature of protein expression was also a disadvantage in
these applications. CAR constructs introduced into T cells with
RNA was shown in vitro to last for 7 days (167) in absence of
proliferation, and would limit the ability for the functionality of
modified cells to persist.

A different approach to genetic modification of lymphocytes
is to deliver a transgene of interest in the form of DNA together
with RNA encoding a transposase enzyme. The first reported
demonstration of successful gene transfer using an mRNA-
encoded transposase was in the SB11 system (168). It was
shown that SB11 transposase RNA stabilized with 5’ and 3’
untranslated sequences of the Xenopus laevis beta-globin gene
successfully integrated a puromycin resistance gene from a pT2/
PGK-Puro DNA plasmid in HT1080 human epithelial cells in
vitro. The transposition efficiency as measured by puromycin
resistance was greater using SB11 encoded by DNA compared
RNA. The number of puromycin-resistant colonies per 10^6
cells plated was greatest with SB11 DNA under a UbC promotor
(40X increase over a no SB11 control) followed by SB11 DNA
under a PGK promotor (23X) and SB11 RNA using the PGK
promotor (9X).

There are several advantages to encoding transposase
enzymes in the form of mRNA when co-transduced into target
cells along with a DNA vector encoding the gene of interest
(168–170). One of the benefits of mRNA-based expression of a
transposase is that its narrow window of transposase expression
reduces the rate of secondary transposition events, which are
caused by re-excision and re-integration of the transposon (171).
Work conducted with a hyperactive form of Sleeping beauty,
SB100X RNA, generated evidence that transposase can be used to
efficiently integrate CARs into genomes of human T cells. An
advantage of this approach is that the ratio of SB mRNA and
DNA CAR construct can be precisely titrated to achieve durable
integration with a low number of integrations per genome (68).
The use of mRNA was also shown to allow for a transient, dose-
controlled expression of SB100X in the absence of cytotoxic
effects in various cell types (172). Another form of transposase,
PB delivered in the form of mRNA was also shown to genetically
modify HeLa cells when co-transfected along with a DNA
plasmid encoding the neomycin resistance gene (170). Similar
to the outcome in the SB system, using an RNA-encoded
transposase, the PB transposase RNA was less efficient by a
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significant margin at transposition compared to PBase encoded
by DNA.

It is important to note that the use of RNA to encode
transposases needs to be optimized for that specific system. It
is not possible to compare results from independently published
studies due asynchronous variables such as different transposase
species, capping methodologies, poly-A tail lengths, cis-acting
untranslated sequences, and transfection methods. To dampen
the risk of insertional mutagenesis associated to genetic
modification of cells via chromosomal integration, the choice
of the vector system should be taken in account to avoid
insertion into proto-oncogenes or transcription start sites that
can lead to unintended transformation via insertional
mutagenesis. We opted for SB system on the basis of the safer,
more random integration pattern, as it does not demonstrate
preferences to insert the transgene in active genes or TSSs
thereby lowering the probability of integration in oncogenic
genes. As previously highlighted in 4.3 paragraph, it was
recently reported that 2 of 10 patients treated with anti-CD19
CAR T generated with the PB transposase system developed
CAR-expressing CD4+ T cell lymphoma (132). To our
Frontiers in Immunology | www.frontiersin.org 15
knowledge, there have been no reports of insertional
mutagenesis using the SB11 or SB100X transposase systems.

5.3 Clinical Applications
Potential safety advantages of transient CAR expression from
mRNA may offer lower toxicity in both hematologic and solid
tumor settings, especially outside of B-cell malignancies where off-
tumor on-target collateral damage to healthy cells is a concern. Early
phase clinical studies were conducted in hematological malignancies
targeting CD123 and CD19 and in solid tumors targeting
mesothelin and c-Met [reviewed in Table 3 (165)].

While the studies report to be safe and generally lacking
serious adverse events, one common denominator was the
requirement for repeated dosing with 3-6 high doses. The need
for multiple infusions of high doses of mRNA CAR T cells is
most likely related to the lack of genetically modified cell
persistence and aims to increase the duration of in vivo activity
in these patients but repeat dosing may lead to other
complications. Maus et al. reported a case of severe
anaphylactic shock in a patient due to repeated doses of
mesothelin-targeted CAR T cells, probably due to the murine
FIGURE 3 | mRNA vector.
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origin of the single-chain fragment variable (173). In addition,
difficulties in producing enough mRNA CD123 CAR T product
to sustain multiple doses have been reported, with only 60% of
the planned T cell doses being able to be successfully produced,
questioning about the feasibility of obtaining such a large starting
material from patients. Given the lack of anti-leukemic efficacy,
the trial was terminated, raising concerns about the efficacy of
transient approaches to eradicate proliferating diseases.
However, the study was able to confirm the safety of the
approach, and thus proceed to clinical trials with a stable
transfer approach using CAR T cells transduced with
lentivirus (174).
6 ELECTROPORATION, HYBRID
VIRAL-TRANSPOSON VECTORS
AND NANOCARRIERS

6.1 Electroporation
Transfection or electroporation methods are typically used to
deliver the mRNA and transposon vectors into cells. Indeed,
nucleic acids are not able to penetrate spontaneously in target
cells as viral vectors do through infection. To facilitate nucleic acid
entry into cells, cells suspended in an electroporation cuvette are
subjected to an electric field determined by a suitable electrical pulse.
The process generate temporary pores in the cell membrane that
allow vector penetration, and then seal up once the electric field is
withdrawn. Once the nucleic acids enter the cell, they efficiently
migrate into the nucleus. The electroporation efficiency depends on
the voltage, the number of pulses, pulse width, and on the cell type
and activation state. Furthermore, temperature, electroporation
buffer, DNA and cell concentration influence the transduction
efficiency. High-intensity pulses generally result in higher
transduction efficiency but affect cellular viability. Small-scale
electroporation can be achieved using Nucleofector 4D (Lonza,
Basel, Switzerland) Neon (Thermo Fisher Scientific, Waltham)
which use a cuvette and a pipette tip chamber, respectively. Other
commercialized instruments are for example the Celetrix
electroporation system (Celetrix, Manassas, VA, USA), and the
BTX ECM 830 system (Harvard Bioscience, Hollistone USA).
Commercially available electroporation devices for large-scale
electroporation are Lonza LV unit and Maxcyte GTx (MaxCyte,
Gaithersburg, MD, USA) platform. Lonza LV unit allows for closed
electroporation of 1x10^7 to 1x10^9 cells. Maxcyte GTx device is a
GMP-compliant, clinical-grade instrument and can electroporate
up to 20x10^9 cells using flow electroporation technology.

6.2 Hybrid Viral-Transposon Vectors
Hybrid viral-transposon vector combine the entry properties of
viral vectors with the integrative characteristic of transposons.
This is particularly convenient when using recombinant
adenovirus (Ad), a common vector due to its broad tropism,
large carrying capacity, and optimal efficient transduction
regardless the mitotic status of target cells. Ad has non-
integrative features and thus results in transient transgene
expression. The addition of integrative elements into the viral
Frontiers in Immunology | www.frontiersin.org 16
genome could overcome this limitation. A recombinant Ad
vector containing a PB-transposon was shown to allow the
integration of the transgene into the genome in presence of
PB-transposase, included in the vector design or co-delivered.
With these methods, stable expression of a reporter transgene
was achieved in 20-40% of mouse liver cells after infusion and
lasts for at least 5 months (175). Similarly, various groups have
combined AAV vectors with the PB transposon system for in
vivo delivery to correct several diseases such as diabetes type 1
(176), cystic fibrosis (177), and others. Recombinant adeno-
associated viral vectors (rAAVs), Herpes simplex virus type-1
(HSV) vectors, baculovirus expression vectors (BEVs) have been
tested with the SB transposon system (178).

6.3 In Vivo CAR T Cell Generation
and Nanocarriers
As previously discussed, most protocols for adoptive T cell
therapies require the collection of T cells and their ex vivo
genetic manipulation. Patients are connected to an apheresis
machine for several hours to extract T cells. Manufacturing
involves activating and transducing purified T cells, expanding
them in vitro for approximately 2 weeks and finally washing and
concentrating them prior to administration. Often cells have to
be cryopreserved in a central facility and transported to remote
treatment centers. Quality controls on final product are
mandatory for each batch. Manufacturing must be conducted
under GMP conditions, and the entire process is expensive and
needs specific resources, facilities and economic capital. In
addition, because most CAR T products are currently obtained
from an autologous source and thus from the patient’s own cells,
there are no economies of scale. In order to overcome the
complexity of ex vivo manufacturing, in vivo CAR T cell
generation is emerging as a new prospect and exploits the use
of liposomal formulations, nanoparticles (NP), cell-penetrating
peptides or advanced electroporation methods (179).

In this context, there are many promising attempts using
nanocarriers composed of polymeric or lipid nanoparticles to
produce CAR T cells directly from the patient’s circulating T
cells. Nanocarriers composed of biodegradable polymers are
coated with ligands that targets them to specific cells and can
encapsulate different substances such as drugs or non-viral
transgenes. Smith and collaborators loaded nanoparticles with
a PB transposon/transposase system encoding CAR (180). To
ensure the specific delivery of the gene cargo to T cells, they
coupled T cell targeting anti-CD3ef(ab’)2 fragments to the
surface of biodegradable poly (beta-amino ester) NPs. They co-
encapsulated two PB plasmids, encoding a murine anti-CD19
(m194-1BBz) CAR and a hyperactive form of the PB transposase
(iPB7), respectively, into the polymeric nanocarriers. DNA-
carrying NPs were able to efficiently introduce the CAR genes
into T cell nuclei, bind circulating T cells and cause tumor
regression in mice with similar efficacies to adoptive T cell
therapy. Although in situ programming of CAR T cells
through injectable polymeric NPs is possible, this strategy has
some limitations such as NP loading capacity which difficultly
fits the large size of plasmids and the need to codelivery the
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transposase vector. Moreover, as soon as NPs are infused, the
small number of in situ transfected CAR T cells needs antigen
drive expansion to show a visible anti-tumor activity. For these
reasons, the same group evaluated the use of in vitro transcribed
(IVT) mRNA encoding disease specific CAR or TCR
encapsulated in poly (beta-amino ester) NPs, coupled to anti-
CD8 antibody for specific T cell delivery. IVT-mRNA has the
advantages of being directly translated into therapeutic proteins,
without the need to enter the nucleus, improving transfection
rates and avoiding uncontrolled insertional mutations and
promoter dependence. Using this technology, circulating T
cells have been reprogrammed with leukemia specific CAR and
showed an anti-tumor efficacy when NPs were provided with
repetitive infusion (181).

Building on the dazzling success of the application of lipid
NPs encapsulated mRNA (LNP-mRNA) vaccines formulated
against SARS-CoV-2, the study by Rurik et al. provides a great
proof of concept on the possibility of producing CAR T in vivo
for the treatment of cardiac injury (182). By employing CD5-
targeted NPs, they succeeded in delivering the nanoparticles into
T lymphocytes to generate CAR T in vitro and in vivo. In vitro,
this strategy can drive the expression of an anti-FAP CAR
efficiently (83% of cells expressing CAR measured by flow
cytometry) and transiently, resulting in a dose-dependent
ki l l ing act iv i ty s imilar to viral ly engineered cel ls .
Administration of CD5-targeted LNP showed a reduction in
fibrosis and restoration of cardiac function in a syngeneic model
of cardiac injury, proving their ability to reprogram T cells in
Frontiers in Immunology | www.frontiersin.org 17
vivo. Although this platform is not suitable for diseases that
require complete elimination of pathological cells, such as some
forms of cancer, undoubtedly, for other applications, the ability
to generate CAR T in vivo and the inherently transient nature of
mRNA have the advantage of limiting toxicities, titrating doses,
and offering an off-the-shelf process. Figure 4 illustrates how
non-viral CAR T cells can be generated through in vivo and ex
vivo transfection.
7 NON-VIRAL CAR T CELL THERAPY:
THE FUTURE

7.1 Nanovectors and Combination With
Gene-Editing
To address future challenges, in addition to transposon
platforms, an additional non-viral tool for gene engineering is
represented by nanovectors whose use is gaining ground as a
possible solution to overcome current barriers in gene delivery
such as toxicity and low transfection efficiency. Among the latest
advances in nanotechnology [reviewed in (183)], one of the most
cutting-edge finding is reported by Bozza and collaborators, who
developed a non-integrating DNA nanovector with the ability to
generate CAR T cells that are active both in vitro and in vivo.
This platform contains no viral components and is capable of
replicating extra-chromosomally in the nucleus of dividing cells,
FIGURE 4 | Non-viral CAR T cell generation.
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leading to persistent transgene expression, in the absence of
integration and consequently genotoxicity. Moreover, it also
shares all the advantages of non-viral vectors: it seems to be
non-immunogenic, easy, simple, versatile and affordable to
produce (184).

Also on the manufacturing front, progress is being made
through the employment of biomaterials developed to improve
isolation, activation, and genetic modifications of CAR T cells
[reviewed in (185)]. One example is the use of a synthetic DNA
aptamer and complementary reversal agent technology that
permit isolation of label-free CD8+ T cells with high purity
and yield from PBMCs. The great advantage of this method is
represented by the possibility to isolate multiple distinct T cell
populations in a single isolation step through aptamers with
different specificities. Biomaterials, such as polymers and
particles are also emerging to facilitate the T-cell activation
process by eliminating the bead removal step, the first example
of which is Miltenyi’s T Cell TransAct. Another area in which
substantial investment is underway is the ability to make the
CAR T manufacturing process scalable, through first of all
automation and the use of closed systems, but also the use of
allogeneic products, as reviewed by Abou-el-Enein and
colleagues (186). To this end, our lab has applied CAR T cells
manufactured in-house from allo-transplant donors in patients
previously transplanted with HSCT. The proven safety and
therapeutic efficacy of this approach represents a proof of
concept towards an off-the-shelf product, and in this
perspective, we are currently working on the design of a study
that will employ haploidentical allogeneic cells outside the
transplantation context.

In the field of integrative non-viral approach, site-specific
insertion approaches are undergoing rapid technological
advances, thanks also to the ease of use of systems such as
CRISPR/Cas9, which have also led to early clinical developments
in the field of immunotherapy (187). Interestingly, it has recently
been reported that electroporation of Ribonucleoprotein (RNP)
and linear double-strand long DNA (>1kb) template reduces the
toxicity of double-strand linear template, a finding that validates
CRISPR/Cas9 as part of the state-of the-art in virus-free genome
engineering technologies. Yet, in this early study, the integration
efficiency was around 10% when applied to insertion loads of
1500 bp, as in the case of replacing the endogenous TCR with the
antigen-specific TCR 1G4 NY-ESO-1 (188). Gene editing and
targeted knock-in (KI) depend on the processes of host DNA
double-strand break (DSB) repair and homology-directed repair
(HDR), respectively, and HDR generally occurs with low
frequency in primary cells and is restricted to small transgenes.
Despite the low transfection efficiency due to the above intrinsic
properties, there has been quite some progress for non-viral gene
editing in adoptive T cell therapy, particularly in TCR
engineering. Compared to the other technologies described
above, gene editing combined with targeted KI allows TCR
replacement with concomitant removal of the endogenous
TCR, resulting in physiological expression of the transgenic
TCR through the endogenous promoter. When combined with
the elimination of both the a- and b-chains, it allows
Frontiers in Immunology | www.frontiersin.org 18
physiological TCR expression in absence of chain mispairing.
Isolation of KI cells and in vitro expansion allow to reach highly
purified cells to cope with the low efficiency of KI (189). In a
direct comparison with conventional editing by viral
transduction, orthotopic TCR replacement (OTR) using a
library of 51 CMV-specific TCRs was characterized by more
homogeneous and physiological TCR transcription, while
surface expression by viral vectors was influenced by transgene
copy number, leading to more variable TCR expression, with
impact on in vitro and in vivo functionality (190).

Even under optimized condition, some cellular toxicity still
limits the application of non-viral CRISPS/Cas9 and appears to
depend on the electroporation of double strand DNA (dsDNA)
and RNP aggregates into cells and the endogenous immune
response triggered by innate DNA sensor protein pathway. To
address the first challenge, Nguyen D. N. et al. used poly-L-
glutamic acid, which physically disperse large RNP aggregates
into smaller complexes. Additionally, they implemented the
incorporation of a truncated Cas9 target sequence (tCTS) at
the end of homology arms in order to facilitate the shuttling of
the template into the nucleus. The combination of the two
systems resulted in high KI efficiency of up to 50% in a wide
set of primary human hematopoietic cells (191). To address the
endogenous immune response, inhibition of the DNA sensor
protein pathway was proposed in combination with insertion of
a 2015 bp long CAR into the TRAC locus of human T cells via
CRISPR/Cas9-mediated HDR. In conjunction with the poly-L-
glutamic acid nanoparticle strategy, the use of DNA-sensor
inhibitors and HDR enhancers achieved high editing efficiency
with a insertion rate of 68% (192). Two other recent works have
used the CRISPR/Cas9 platform to integrate a CAR with
promising results. By targeting an anti-GD2 CAR into the first
exon of TRAC locus, an average KI efficiency of 15% was
obtained, improved up to 45% by increasing the length of the
homology arms on both sides of the CAR with final DNA
template size of 3,4 Kb and resulting in 34% CAR positive cells
(193). Moreover, by using a hybrid single strand (ss) DNA HDR
template incorporating CTS sites, increased KI was obtained, up
to 40% efficiency in combination with small molecule
inhibitors (194).

To provide DNA insertion in the absence of DSB and HDR,
CRISPR/Cas9 has recently been combined with transposons to
increase the efficiency of RNA-guided integration, using a
transposase protein to catalyze the integration (195, 196).
Recently, experiments have also been conducted to combine
CRISPR/Cas9 with SB transposon. The transposase protein was
fused to a catalytically inactive Cas9 for providing single guide
RNA-dependent DNA insertion in the absence of DSB and HDR,
leading to enrichment of integrations near the sgRNA targets
(197). Recent results obtained with gene editing techniques
demonstrate their suitability for future non-viral clinical
applications. Approaches to identify and reduce the risk of
genomic rearrangements and translocations may obviate
concerns associated with the collateral damage of the
technique and thus allow for greater development of potential
clinical applications of gene editing in immunotherapy.
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8 CONCLUSION AND PRACTICAL
CONSIDERATIONS FOR FUTURE TRIALS

Successful CAR T cell therapies are so far associated with T cells
engineered with viral vectors. Yet, the emergence of relapse, the
complexity of the manufacturing process, and the application of
these technologies to other diseases including solid tumors,
require a more complex design and gene transfer technology
that fits these challenges. So much progress is being made with
non-viral technologies to fill these gaps, and it is certain that a
great step forward will be taken soon.

Previously discussed non-viral manufacturing methods are
briefly summarize in Table 4.

Non-viral CAR T cells engineered with transposon vectors
have already shown some efficacy in early-stage clinical trials, but
whether such systems may also show unexpected toxicities and
comparable clinical outcomes remains to be seen in additional
clinical studies. For first-in-human clinical trials, certain
Frontiers in Immunology | www.frontiersin.org 19
precautions have been implemented to ensure safety given the
novelty of the gene transfer method. In our study (43), given the
low-risk classification associated with non-viral vectors, physical
containment of the vector and transfected cell product was
managed at biosafety level 1. The duration of in vitro cell
culture ensured the absence of plasmids at the end of culture.
Whether the bacterial sequences below the limits of detection is
sufficient to protect from an immune response by the host
against bacterial sequences, however, is currently unknown.
The mean transgene copy number was set at 5 as an upper
limit, in order to limit the potential risk of genotoxicity. Others
are instead using 8 as release criteria for transposon-generated
CAR T cell products. Despite the almost random insertion
profile of the transgene into the T cell genome, the study of
integrations ensured the monitoring of the clonality of the CAR
T population post-infusion. Based on this clinical experience, we
therefore recommend the use of vectors and the development of
manufacturing platforms designed to contain transposase
TABLE 4 | Summary of principal characteristics of methods in CAR T manufacturing.

Characteristics and peculiarities Pros/Cons Technical
requirement

Impact of costs

Viral vectors Gammaretroviral vectors:
Infection only in cycling cells
Integration near TSS
Lentiviral vectors:
Infection in cycling/non cycling cells
Integration in transcriptional regulatory region

Pros:
Stable transduction
Long term expression
Cons:
Limiting insert size
Difficulty to scale synthesis up
Risk of insertional oncogenesis
More immunogenicity

Biosafety Level 2
Trained staff
Cryopreserved
facility

High costs
Limited number of available manufacturing
facilities globally, and lot size limitations

Sleeping Beauty Tc1/mariner DNA Class II TE
Cut-and-paste mechanism of insertion
Transposon/transposase system
Transfection in pre-activated and resting
primary cells
Close to random integration
TA dinucleotide as target site
CAG footprint

Pros:
Easy to scale synthesis up
Large cargo size (up to 100 kb
BACs)
Versatility
Low immunogenicity
Cons:
Toxicity related to transduction
procedure

Electroporation
Cryopreserved
facility

Relatively low cost
Easier manufacturing process

Piggy Bac PB superfamily DNA Class II TE
Cut-and-paste mechanism of insertion
Transposon/transposase system
Transfection in pre-activated and resting
primary cells
Preference of integration near TSSs, CpG
islands and DNase I hypersensitive sites
TTAA dinucleotide as target site
No footprint

Pros:
Easy to scale synthesis up
Large cargo size (200 kb BACs)
Versatility
Low immunogenicity
Higher transposition activity
Cons:
High risk of gene dysregulation
Toxicity related to transduction
procedure

Electroporation
Cryopreserved
facility

Relatively low cost
Easier manufacturing process

mRNA Absence of integration
Transient transfection

Pros:
Availability of protocols for clinics
Versatility and flexibility
Safety transient expression
(SB100X and PB transposase)
Cons (mRNA encoding CAR):
Short term potency
Need for multiple doses

Electroporation
Cation lipids
Cationic polymers

High doses of mRNA CAR T are required
to achieve efficacy

Nanotechnology Nanocarriers or lipid nanoparticles
coated with ligands ensure encapsulation of
non-viral transgenes
Ability to reprogram T cells in vivo

Pros:
Low toxicity
Off -the-shelf process
Cons:
Limited cargo capacity

Devices for scale
up production
Specialized staff

Costs of nanoparticles production and
costs of encapsulated material
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activity and to limit the number of integrations, and the
implementation of a detailed follow-up plan for clonality
monitoring by integration site analysis.

We believe that the main takeaway from the efforts described
in this review is the possibility of using novel non-viral
engineering approaches in future clinical trials. In addition to
non-viral integrating methods, we think that the use of episomal
nanovectors may be advantageous for the ex vivo production of
safer transfected cells. In addition, viral-transposon hybrid
vectors and mRNA delivered by polymeric and lipid
nanoparticles represent technological platforms that can
generate stable or transient CAR T cells in vivo. We are on a
learning curve and looking forward to seeing the results of these
technologies in future clinical trials.
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