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CD19-specific chimeric antigen receptor (CAR19) T cells,
generated using viral vectors, are an efficacious but costly
treatment for B cell malignancies. The nonviral piggyBac
transposon system provides a simple and inexpensive alterna-
tive for CAR19 T cell production. Until now, piggyBac has
been plasmid based, facilitating economical vector amplifica-
tion in bacteria. However, amplified plasmids have several
undesirable qualities for clinical translation, including bacte-
rial genetic elements, antibiotic-resistance genes, and the
requirement for purification to remove endotoxin. Doggy-
bones (dbDNA) are linear, covalently closed, minimal DNA
vectors that can be inexpensively produced enzymatically
in vitro at large scale. Importantly, they lack the undesirable
features of plasmids. We used dbDNA incorporating piggy-
Bac to generate CAR19 T cells. Initially, expression of func-
tional transposase was evident, but stable CAR expression
did not occur. After excluding other causes, additional
random DNA flanking the transposon within the dbDNA
was introduced, promoting stable CAR expression compara-
ble to that of using plasmid components. Our findings
demonstrate that dbDNA incorporating piggyBac can be
used to generate CAR T cells and indicate that there is a
requirement for DNA flanking the piggyBac transposon to
enable effective transposition. dbDNA may further reduce
the cost and improve the safety of CAR T cell production
with transposon systems.
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INTRODUCTION
Chimeric antigen receptors (CARs) are synthetic proteins that can be
expressed on T cells to redirect their specificity to a chosen target an-
tigen. A CAR consists of a single-chain variable fragment (scFv) that
determines its specificity, a spacer domain that projects the scFv from
the cell surface, a transmembrane domain, and intracellular costimu-
latory and CD3z T cell-activating domains.1 CD19-specific CAR
(CAR19) T cells have been highly effective in the clinic, inducing re-
missions in the majority of patients with relapsed and refractory B cell
malignancies.2–15
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The cost of CAR T cell production remains a major barrier to their
widespread use.16 Most CAR T cells to date have been produced using
g-retroviral or lentiviral transduction. The generation of these vectors
is expensive, and the availability of vector at clinical grade is a major
barrier to widespread implementation of CAR T cell therapy, a prob-
lem that will worsen as demand increases when effective CAR T cell
therapies are developed for common cancers.

Transposon systems, such as piggyBac, represent economical,
nonviral alternatives for the production of CAR T cells.17–20 The
piggyBac system is conventionally used as two plasmids, one encoding
the transposase and the other encoding a gene of interest within the
transposon, which are electroporated into cells. When expressed,
the transposase excises the transposon from the second plasmid
and integrates it into the cellular genome. We have previously
described a simple and inexpensive method for generating CAR
T cells using the piggyBac system21 and demonstrated that CAR19
T cells produced in this manner are capable of eradicating B cell acute
lymphoblastic leukemia (B-ALL) xenografts in vivo22 and CD19+ ma-
lignancies in humans.23

Plasmids can be produced inexpensively at large scale, but their
reliance on bacteria for amplification has several disadvantages for
clinical translation. Regulatory bodies remain concerned about the
potential for antibiotic-resistance genes, included in plasmids as
selection markers, to be horizontally transferred to pathogenic
bacteria.24 While in bacteria, there is a small chance of recombination
events damaging the gene of interest, necessitating quality control
for molecular integrity of each batch of plasmid.25 Endotoxin
must be removed from each batch of plasmid to ensure only amounts
below the clinically acceptable threshold are present.26 Finally,
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Figure 1. Schematic of Second-Generation CAR19 Constructs

Both CARs include an N-terminal leader sequence, an FMC63-derived scFv, an

identical spacer domain, the CD28 transmembrane domain, a 4-1BB or CD28

costimulatory signaling domain, and CD3z. IgGH, IgG heavy chain; scFv, single-

chain variable fragment; (G4S)n, a flexible linker comprised of Gly-Gly-Gly-Gly-Ser

repeated n times; CD28 TM, CD28 transmembrane domain; z, CD3z signaling

domain.
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unmethylated CpG motifs in plasmid bacterial sequences can stimu-
late innate immune responses via Toll-like receptor 9 signaling path-
ways.27–29 Each of these issues impacts the efficacy, cost, and risk
associated with a clinical-grade plasmid.

Doggybones (dbDNA) are minimal DNA vectors that can be pro-
duced enzymatically in vitro at scale.30–32 As production does not
involve bacteria, the issues associated with plasmids are avoided.
No origin of replication sequences or antibiotic-resistance genes is
required, and the risk of recombination events within bacteria is elim-
inated. Large amounts of clinical-grade dbDNA can be produced
more rapidly and for lower cost than an equivalent plasmid.

We therefore sought to transfer the piggyBac system from plasmid to
dbDNA for production of CAR19 T cells. Although the piggyBac
transposase was functional when expressed from dbDNA similar in
structure to that used in other applications, our initial dbDNA encod-
ing the piggyBac transposon required modification. Specifically, addi-
tion of random DNA sequences flanking the transposon within the
dbDNA was required for effective transposition and CAR expression.
After this modification, CAR19 T cells were successfully generated
using piggyBac by electroporating primary human T cells with
dbDNA encoding both components. We conclude that dbDNA is a
viable alternative to a plasmid that even further reduces the risks
and costs associated with piggyBac-generated CAR19 T cells for clin-
ical applications.

RESULTS
CAR19 T Cells Can Be Generated Using piggyBac Transposase

but Not Transposon Encoded by Nonoptimized, Standard

dbDNA

Two second-generation CAR19 constructs, denoted BCM.CAR19h28z
and CAR19h28TM41BBz to reflect their structure (Figure 1), were de-
signed and used to evaluate the generation of CAR19 T cells with the
piggyBac system in dbDNA. The piggyBac transposase utilized
throughout was the hyperactive “Super piggyBac” variant. Linear
dbDNA that included either piggyBac transposase or a CAR-containing
transposon was produced enzymatically (see Materials and Methods)
from parent plasmids (Figure 2).

We initially performed a pilot study to test the functionality of
piggyBac components in dbDNA. Peripheral blood mononuclear cells
(PBMCs), isolated from a single healthy donor, were coelectroporated
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with piggyBac transposase and transposon BCM.CAR19h28z, either
in plasmid or dbDNA (equimolar amounts), such that all plasmid
and dbDNA pairs were evaluated. The resulting cultures were selec-
tively expanded for CAR19 T cells over 15 days via weekly CD19 stim-
ulation and cytokine support.

From 8 days of culture onward, high levels of CAR expression could
be detected on greater than 40% of T cells when either plasmid or
dbDNA transposase was used in combination with the transposon
plasmid. However, with transposon dbDNA there was minimal
CAR expression, regardless of the transposase format utilized (Fig-
ures 3A and 3B). Similarly, culture expansion was noted with the
transposon plasmid but not transposon dbDNA, regardless of the
transposase format used (Figure 3C). These results indicated that
there was a problem with the transposon dbDNA, rather than with
expression of BCM.CAR19h28z itself.

Poor CAR Expression from Transposon in Standard dbDNA Is

Not Due to Inability to Localize to the Nucleus

Nuclear entry of the transposon dbDNA is a critical requirement for
both transient-nonintegrated CAR expression from dbDNA and also
for integration of the CAR transposon into genomic DNA (gDNA)
for long-term expression. We therefore investigated whether failure
of the transposon dbDNA to enter the nucleus was the reason for
poor CAR expression.

The Jurkat cell line is continually cycling, so dissolution of the nuclear
membrane with mitosis offers an opportunity for nuclear entry of
exogenous DNA.33–36 Jurkat cells were electroporated with equimolar
amounts of BCM.CAR19h28z transposon in either plasmid or
dbDNA, with transposase plasmid. Despite an apparently equal
opportunity for nuclear entry, clear CAR expression was observed
with transposon plasmid but was lower with transposon dbDNA at
both 24 h and 8 days postelectroporation (Figure 4A). The inferior
expression from the transposon dbDNA in this setting suggested
that the underlying problem was unrelated to nuclear entry.

To confirm that the transposon dbDNA is able to enter the nucleus
in primary human T cells, we sought to detect CAR DNA in nuclear
extracts. PBMCs from a healthy donor were electroporated with
BCM.CAR19h28z transposon alone, in either plasmid or dbDNA,
and were harvested after 24 h of culture. At this early stage following
electroporation, flow cytometry confirmed expression of CAR in
CD3+ T cells only (Figure 4B). Because the elongation factor 1a
(EF1a) promoter facilitates gene expression from a wide variety of
cell types, the observed restriction of CAR expression to T cells
confirmed that our previously optimized electroporation settings21

remained selective for T cell transfection. PCR for a CAR-specific
DNA sequence revealed the presence of CAR-transposon in
whole-cell lysates and in both cytoplasmic and nuclear extracts,
regardless of vector (Figure 4C). CAR-transposon is thus able to
enter the T cell nucleus with either vector, excluding failure to enter
the nucleus as the cause for poor CAR expression from transposon
dbDNA.
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Figure 2. Parent Plasmids and dbDNA Constructs

(A) Maps of proTLx plasmids containing piggyBac

transposase or transposon that were used as templates

for enzymatic generation of dbDNA constructs. (B)

Schematics of final linear double-stranded piggyBac

transposase and transposon dbDNAs with terminal single-

stranded hairpin loops. pUC ori, bacterial origin of repli-

cation sequence; CMV, cytomegalovirus; EF1a, elongation

factor 1a; ITR, inverted tandem repeat; ins, core insulator;

BGH, bovine growth hormone; SV40, simian virus 40; pA,

polyadenylation sequence; KanR, kanamycin-resistance

gene; CAR, chimeric antigen receptor; telRL, telomere

resolution sites for TN protelomerase from prophage N15;

telL and telR, covalently closed doggybone hairpin-like

ends.
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Increasing the Amount of Transposon dbDNA Electroporated

Does Not Improve CAR Expression

We next investigated whether low CAR expression with transposon
dbDNA could be overcome by increasing the amount of transposon
dbDNA used. If this was possible, it could indicate poor efficiency
in nucleofection or transposition. PBMCs were electroporated with
a fixed amount of transposase plasmid and increasing amounts of
BCM.CAR19h28z transposon dbDNA (up to 16-fold the amount
equimolar to plasmid). BCM.CAR19h28z transposon plasmid alone
(no transposase) was used as a control for nucleofection and nonin-
tegrated CAR expression. The proportion of viable CD3+ T cells on
day 1 postelectroporation was noted to decrease with increasing
amounts of transposon dbDNA, indicating a possible cytotoxic effect
(Figure 5A). CAR T cells were selectively expanded in culture for
15 days, as previously outlined. At day 15, the proportion of T cells
expressing CAR was negligible for all concentrations of electropo-
rated transposon dbDNA other than that equimolar to the plasmid,
where low levels of CAR expression were present (Figure 5B). Given
previous results indicating that the transposon dbDNA is able to enter
the nucleus, these findings suggested that failure of transposition from
dbDNA was likely.

Protelomerase Binding Sites Do Not Impair Transposition

dbDNA contains protelomerase binding sites that are not present in
the pVAX1 transposon plasmid (Figure 2), so it was important to
exclude this difference as a possible cause of impaired transposition.
Because the proTLx parent plasmid also contains protelomerase
binding sites, additional failure of CAR expression from this DNA
format would provide evidence that the protelomerase binding sites
were problematic.

PBMCs were electroporated with BCM.CAR19h28z transposon in
pVAX1 plasmid or in the proTLx dbDNA parent plasmid, with or
without additional transposase plasmid, and CAR T cells were selec-
tively expanded in culture. At day 8, cultures without transposase and
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hence, no CAR transposon genomic integration
had negligible CAR expression. However, there
was comparable CAR expression when trans-
poson in either pVAX1 plasmid or dbDNA parent proTLx plasmid
was used in combination with transposase (Figure 6).

Because the entire transposon dbDNA sequence is contained within
the parent proTLx plasmid, these findings demonstrated that neither
the protelomerase binding sites nor any other dbDNA sequence ele-
ments were impairing transposition. We hypothesized that either the
short length of DNA flanking the transposon inverted tandem repeat
(ITR) sequences or the loop structure of the dbDNA ends may be
directly impairing transposase protein activity, preventing excision
and integration of the transposon cassette. We reasoned that either
of these could potentially be overcome through lengthening the
DNA sequences flanking the transposon ITR.

CAR Is Stably Expressed from Transposon dbDNA with Longer

Sequences Flanking the ITR

To investigate whether elongation of DNA sequences flanking the
ITR in the dbDNA transposons would facilitate CAR expression,
we introduced an extra 200 bp of random DNA sequence between
the protelomerase binding site and ITR on either side of the trans-
poson cassette. This increased the separation of these elements
from <100 bp to approximately 230 bp. Because our previous work
identified CAR19h28TM41BBz as our most effective construct,22

this CAR was used for evaluation of the new dbDNA configuration.
PBMCs were coelectroporated with piggyBac transposase (plasmid
or dbDNA) and CAR19h28TM41BBz-transposon (plasmid or larger
dbDNA), such that all plasmid and dbDNA pairs were evaluated.
Equimolar amounts of plasmid and dbDNA were used.

After 15 days of selective culture for CAR T cells, CAR expression was
detectable with each transposase-transposon format combination.
The proportion of T cells expressing CARwas dependent on the com-
bination of the transposase-transposon format (n = 3 donors, p =
0.0035), with the transposase plasmid and transposon dbDNA com-
bination having a significantly lower proportion of CAR+ T cells
& Clinical Development Vol. 17 June 2020 361
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Figure 3. Pilot Study Generating CAR T Cells with Plasmid and dbDNA Components

All plasmid and dbDNA combinations of piggyBac transposase and transposon-BCM.CAR19h28z were used to generate CAR T cells. Tp, transposase plasmid; Td,

transposase dbDNA; Cp, transposon-CAR plasmid; Cd, transposon-CAR dbDNA; neg, nontransfected T cells. (A) Proportion of CD3+ T cells expressing CAR, as

assessed by flow cytometry on a weekly basis. (B) Histograms showing CAR expression on CD3+ T cells after 15 days of culture. (C) Expansion of CAR T cells over

15 days.
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compared to all other combinations (12.9% versus 44.0%–78.3%,
n = 3 donors, p < 0.05 for each pairwise comparison) (Figures 7A
and 7B). The degree of CAR expression on T cells, as assessed by me-
dian fluorescence activity (MFI), was also dependent on the combina-
tion of the transposase-transposon format (n = 3 donors, p = 0.046),
with the transposase plasmid and transposon dbDNA combination
having a significantly lower intensity of CAR+ T cell expression
compared to combinations utilizing the transposon plasmid (1,208
versus 3,124 � 3,455, n = 3 donors, p < 0.05 for each pairwise com-
parison) (Figure 7C). For CAR T cells generated using entirely
plasmid and entirely dbDNA components, there was no statistically
significant difference in the proportion of T cells expressing CAR
(n = 3 donors, p = 0.0885; Figure 7A), the MFI of CAR expression
(n = 3 donors, p = 0.5807; Figure 7C), the cytotoxic effect of trans-
fected nucleic acid on T cells (n = 3 donors, p = 0.3313; Figure 7D),
or the transgene integration copy number, as assessed by droplet dig-
ital PCR (ddPCR; n = 2 donors, p = 0.8862; Figure 7E).

DISCUSSION
Clinical trials have demonstrated the efficacy of CAR19 T cells against
relapsed and refractory B cell malignancies.2–15 However, their wide-
spread application is limited, in part, by the cost and complexity of
production processes utilizing viral vectors.16 Transposon systems
are nonviral vectors that are traditionally plasmid based and provide
the opportunity to significantly reduce the cost of CAR T cell produc-
tion. Both the piggyBac and Sleeping Beauty transposon systems have
been used to generate CAR19 T cells that have potent activity against
B cell malignancies.7,21,22,37–39 Nevertheless, plasmids have several
undesirable qualities that include bacterial genetic elements, anti-
biotic resistance genes, and the requirement for expansion in bacteria
with subsequent endotoxin removal.

In this study, we demonstrate that the piggyBac system can be based in
linear, covalently closed, minimal DNA constructs, known as
dbDNA, rather than plasmids and used to generate CAR19 T cells.
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Because dbDNAs are amplified enzymatically in a bacteria-free sys-
tem, the issues associated with traditional plasmid-based transposon
systems are avoided. Unlike typical open-ended linear DNA, which
has a propensity for genomic integration, linear DNA with covalently
closed ends, like dbDNA, in fact, has a lower frequency of natural
integration than plasmid.40 Furthermore, whereas a double-strand
break in plasmid leaves it free to integrate, a double-strand break in
covalently closed dbDNA that leads to integration results in chromo-
somal disruption, with separation of the centromere from the telo-
mere, and apoptosis.40,41 Therefore, dbDNA also minimizes the risk
of propagating undesirable cells with genomic integration of a
sequence encoding the piggyBac transposase.

We designed two second-generation CAR19 constructs with varying
leader sequences and costimulatory domains and cloned these individ-
ually into the plasmid-based piggyBac transposon. The piggyBac trans-
posase coding sequence and transposons containing the different CAR
constructs were then cloned individually into the dbDNA parent
plasmid. The resulting plasmid served as a template for bacteria-free
in vitro enzymatic amplification of dbDNA that lacked antibiotic-
resistance genes and bacterial sequences. We investigated generation
of CAR19 T cells using all combinations of plasmid- and dbDNA-
based piggyBac transposon and transposase and examined potential is-
sues underlying the varying success in production.

Simply cloning the piggyBac transposase into a dbDNA permitted its
normal function. However, this was not true of the piggyBac trans-
poson, which initially could not be transposed from dbDNA into
gDNA. We demonstrated that the reason for this problem was not
due to failure of dbDNA to localize to the nucleus; the presence of ge-
netic elements, such as the protelomerase binding sites; or ineffi-
ciencies related to transfection or dbDNA transposase activity.
Instead, we found that transposition could occur when the amount
of random DNA flanking the transposon within the dbDNA was
increased.
020



Figure 4. CAR Expression from Transposon dbDNA Is

Poor Despite Nuclear Entry

(A) Expression of BCM.CAR19h28z on Jurkat cells after

electroporation with transposase plasmid and transposon-

CAR plasmid or dbDNA. Tp, transposase plasmid; Cp,

transposon-CAR plasmid; Cd, transposon-CAR dbDNA. (B)

Expression of BCM.CAR19h28z. (C) Detection of the CAR

gene in cell fractions, 24 h after transient transfection of T cells

with piggyBac-transposon plasmid or dbDNA alone. �, no

template control; +, plasmid template; C, cytoplasmic frac-

tion; N, nuclear fraction; W, whole cell lysate.
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Our findings indicate that in linear vectors, the piggyBac transposase
has a requirement for a minimum amount of DNA external to the
transposon in order to mediate effective transposition. The reason
for this is unclear and has not been previously explored, but we spec-
ulate that it may relate to the ability of transposase to bind and
spatially manipulate DNA. In plasmid vectors, it has been demon-
strated that a shorter amount of DNA external to the transposon
ITRs leads to more efficient transposition with a variety of transpo-
sases, including piggyBac.42–44 However, the effect of this configura-
tion in circular plasmid is to physically bring the ITRs closer together,
thereby facilitating paired-end complex formation, the initial step in
transposition where the transposase aligns both ends of the trans-
poson.43 The benefit of this transposon ITR configuration in circular
vectors is not applicable to linear vectors, where different factors
appear to be important.

Ultimately, we were able to generate CAR19 T cells using dbDNA-
based piggyBac components. CAR19 T cell cultures generated using
transposase plasmid and transposon dbDNA had a lower proportion
of T cells expressing CAR and lower CAR surface expression on
positive cells compared to other cultures. Although not statistically
significant, there was also a trend toward a lower proportion of
T cells expressing CAR in CAR19 T cell cultures generated using
only dbDNA. These findings are consistent with previous reports of
a trend toward reduced expression from dbDNA compared to an
equimolar amount of plasmid30 and that piggyBac transposition
occurs more efficiently from circular than linear donor vectors.45

Transfection of an equal mass of dbDNA to plasmid leads to equiva-
lent levels of expression,30,31 and this approach might also improve
CAR expression in this setting. Further optimization might also be
possible using strategies, such as increasing the length of random
DNA flanking the ITRs, adjusting the ratio of transposase-to-trans-
poson dbDNA, and altering electroporation conditions. However,
we elected not to pursue this, as the proportion of CAR+ T cells in
products generated using only dbDNA components was similar to
products used in CAR T cell trials that have shownmassive expansion
postinfusion and demonstrated anti-tumor efficacy.15,46 Optimiza-
tion that increases the number of piggyBac integrations per cell may
therefore be unnecessary and has the potential to increase the risk
of insertional mutagenesis.
Molecul
A functional assessment of CAR19 T cells generated using entirely
dbDNA components was not performed in this study. We previously
reported that CAR19 T cells expressing a second-generation, CD19-
specific CAR, denoted CAR19h28TM41BBz, had specific and potent
activity against CD19+ cell lines in vivo and were able to eradicate pa-
tient-derived chemorefractory CD19+ B-ALL xenografts in mice.22

These same CAR19 T cells have demonstrated activity against
CD19+ malignancies in a phase I first-in-human clinical trial.23

CAR19 T cell activity occurred, despite production utilizing
plasmid-based piggyBac components rather than traditional viral vec-
tors and together with other studies, demonstrated that if sufficient
CAR is expressed on the T cell surface, then vector choice does not
appear to dictate anti-tumor activity.7,22,23,39,47 In the current study,
CAR19 T cells generated using dbDNA-only piggyBac components
had similar surface expression of CAR19h28TM41BBz to those
generated with plasmid-only components, and we expect that
CAR19h28TM41BBz T cells produced with dbDNA-only piggyBac
components should retain potent activity against CD19+ targets.

With the recognition of the issues associated with using plasmids for
transfection purposes, others have explored minicircles as alternative
minimal DNA vectors that lack bacterial elements and antibiotic-
resistance genes.48 Minicircles incorporating the Sleeping Beauty
transposon system have been used to generate CAR19 T cells with
equivalent in vitro and in vivo functional characteristics to those
generated with a lentiviral vector.47 Because minicircles are generated
within bacteria, the potential for undesirable recombination events
and the requirement for endotoxin removal remain issues. Impor-
tantly, the use of dbDNA avoids these problems, as bacterial culture
is only required for propagation of the parent plasmid; amplification
of the final dbDNA product from this occurs entirely by a bacteria-
free enzymatic process in vitro.

In conclusion, minimal dbDNA vectors lacking bacterial sequences
and antibiotic-resistance genes show great potential as alternatives
to plasmid for clinical application. Uniquely, dbDNA technology
offers the advantage of bacteria-free enzymatic amplification, stream-
lining the production and improving the safety of a clinical-grade vec-
tor. We have demonstrated that dbDNA incorporating the piggyBac
transposon system can be used to generate CAR19 T cells when
ar Therapy: Methods & Clinical Development Vol. 17 June 2020 363
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Figure 5. CAR Expression Is Not Improved with

Increasing Amounts of Transposon dbDNA

(A) Proportion of viable CD3+ T cells on day 1 post-

electroporation with increasing amounts of dbDNA trans-

poson. (B) Expression of BCM.CAR19h28z on T cells after

electroporation with plasmid transposase and increasing

amounts of dbDNA transposon. The amount indicated is that

relative to an equimolar amount of transposon plasmid. T cells

were also transfected with transposon plasmid alone as a

reference for transient expression from nonintegrated

plasmid.
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additional randomDNA flanking the transposon is included.We pre-
dict that this hybrid technology will further reduce costs and improve
the safety of CAR T cells generated with nonviral vectors.

MATERIALS AND METHODS
Cell Lines

Jurkat (DSMZ; no. ACC 128) cell lines were kindly provided by Dr.
Linda Bendall (The University of Sydney, Australia) and were
cultured in complete RPMI (cRPMI): RMPI 1640 (Lonza, Basel,
Switzerland) with 10% heat-inactivated fetal bovine serum (FBS;
Serana, Bunbury, Australia) and 2 mM L-glutamine (Sigma-Aldrich,
St. Louis, MO, USA).

CD19-Specific CAR Constructs

Two second-generation CAR19 constructs were used (Figure 1).
CAR19h28TM41BBz has been previously described, and in vivo effi-
cacy against B-ALL xenografts was established in murine studies.22 It
incorporates an N-terminal CD8a leader sequence. BCM.CAR19h28z
differs fromCAR19h28TM41BBz in that it instead uses the N-terminal
immunoglobulin G (IgG) heavy-chain leader sequence and FMC63-
derived scFv, both from the previously described CAR19.28z49,50

(kindly provided by Profs. Malcolm Brenner, Gianpietro Dotti, and
Matthew Wilson, Center for Cell and Gene Therapy, Baylor College
of Medicine, Houston, TX, USA), and substitutes the cytoplasmic
domain of CD28 (UniProt: P10747) for that of 4-1BB (CD137;
UniProt: Q07011).

Plasmids

The plasmids pVAX1SPBase, pVAX1PB-CAR19.28z, pVAX1PB-
CAR19h28z, and pVAX1PB-CAR19h28TM41BBz have been previ-
ously described.22,49,50 To generate pVAX1PB-BCM.CAR19h28z,
pVAX1PB-CAR19.28z was first digested with BsmBI (New England
BioLabs, Ipswich, MA, USA) to excise DNA encoding the CAR
spacer, transmembrane, and CD28 intracellular domains. DNA frag-
ments encoding the CAR spacer, transmembrane, and intracellular
costimulatory domains were amplified by PCR from pVAX1PB-
CAR19h28z using primers, including 15 bp extensions overlapping
with 50 and 30 sequences of the BsmBI-digested pVAX1PB-
CAR19.28z backbone. The PCR fragments were then fused separately
to the pVAX1PB-CAR19.28z backbone using the Cold Fusion cloning
kit (System Biosciences, Palo Alto, CA, USA) to create the final
plasmids.
364 Molecular Therapy: Methods & Clinical Development Vol. 17 June 2
DNA encoding the piggyBac transposase and CAR-containing trans-
posons was cloned separately from pVAX1 plasmids into the dbDNA
parent proTLx plasmid between telomere resolution (telRL) sites
(Figure 2A) to form proTLx SPBase and proTLx PB-
BCM.CAR19h28z. proTLx PB-CAR19h28TM41BBz was formed in
a similar fashion but included an extra 200 bp of random DNA
sequence between the protelomerase binding site and ITR on either
side of the transposon cassette.

dbDNA Production

Linear dbDNAs were enzymatically produced from proTLx plasmids,
as described previously.30 Briefly, plasmid template DNA was first
amplified into concatamers by rolling-circle replication using the
phi29 DNA polymerase. The telN protelomerase, from Escherichia
coli prophage N15, was then used to cleave concatamers at the telRL
sites and covalently close the ends with short hairpin loops (telR and
telL) to form individual linear vectors. Each resulting dbDNA
construct consisted of a section of linear double-stranded DNA en-
coding either piggyBac transposase or CAR-containing transposon,
flanked by single-stranded telomere ends (Figure 2B). Residual
plasmid DNA was selectively digested with restriction enzymes and
then exonuclease III.

Generation and Expansion of CAR T Cells

Ethics approval was obtained from the Sydney West Local Health
District Human Research Ethics Committee for collection of
PBMCs from healthy donors that had provided informed consent
in accordance with the Declaration of Helsinki. Isolation of PBMCs,
electroporation using the Neon Transfection System (Life Technol-
ogies), stimulation with autologous-irradiated PBMCs and human
recombinant interleukin-15 (IL-15; Miltenyi Biotec, Bergisch Glad-
bach, Germany), and expansion in Falcon 24-well tissue-culture
plates (BD Biosciences, San Jose, CA, USA) was performed, as
described previously.22 Plasmids were electroporated at 50 mg/mL
and dbDNAs at equimolar concentrations to their plasmid counter-
part. Cultures were harvested 15 days postelectroporation or as
otherwise stated.

Transfection of Jurkat Cells

Jurkat cells were washed twice with PBS and resuspended in buffer T
of the Neon Transfection System (Life Technologies) at a concentra-
tion of 20 � 106/mL. PiggyBac transposase and BCM-CAR19h28z
020



Figure 6. Protelomerase Binding Sites Do Not Impair

Transposition or CAR Expression

Expression of BCM.CAR19h28z on T cells 8 days after

electroporation with pVAX1PB or proTLxPB transposon

plasmids, with or without the additional pVAX1 transposase

plasmid (pVAX1SPBase). proTLxPB plasmids contain pro-

telomerase binding sites, whereas pVAX1PB plasmids do

not. The presence of pVAX1SPBase facilitates transposition

of the CAR gene into gDNA, whereas its absence permits

transient transfection only.
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transposon were each added either in plasmid or dbDNA format.
Plasmids were each at a concentration of 50 mg/mL, whereas dbDNAs
were at equimolar concentrations to their plasmid counterpart. Elec-
troporation was performed in 100 mL aliquots using the Neon Trans-
fection System and following the manufacturer’s instructions, with
the following settings: 3 pulses, 10 ms, and 1,350 V. Transfected
Jurkat cells were cultured in Falcon 24-well tissue-culture plates
(BD Biosciences) in cRPMI at 37�C and 5% CO2, with media ex-
changes as required. Cells were analyzed by flow cytometry on days
1 and 8 postelectroporation.

Phenotypic Analysis

Transfected cells were phenotyped at weekly intervals. The following
fluorochrome-conjugated anti-human monoclonal antibodies
(mAbs) were used: CD3-Pacific Blue and CD3-phycoerythrin (PE)
(BD Biosciences). Surface CAR was detected using a CAR19 scFv-
specific mAb (clone no. 136.20.1)51 (kindly provided by Drs. Bipu-
lendu Jena and Laurence Cooper, MD Anderson Cancer Center,
Houston, TX, USA), which was labeled using the Molecular Probes
Alexa Fluor 647 Antibody Labeling Kit (Life Technologies). Cell
Molecular Therapy: Methods
staining, acquisition using FACSCanto II (BD
Biosciences) flow cytometers, gating, and anal-
ysis with FACSDiva (BD Biosciences) were per-
formed as previously described.22 FCS Express
version 4 Research Edition (De Novo Software,
Los Angeles, CA, USA) was used for more
detailed analysis and graphic representation.

Transposon dbDNA Cellular Localization

PBMCs were transfected with BCM-CAR19h28z
transposon alone in either plasmid or dbDNA
format, as described above. After 24 h, cells
were harvested and washed twice in PBS, and
an aliquot of whole cells was set aside. Remaining
cells were fractionated by incubation in hypoton-
ic buffer (20 mM Tris [Astral Scientific, Sydney,
Australia]–HCl [Ajax Finechem, Sydney,
Australia], pH 7.4, 10 mM NaCl [Astral Scienti-
fic], and 3 mM MgCl [Ajax Finechem]) on ice
for 15 min, addition of 5% (v/v) Nonidet P-40
(Astral Scientific) with vortex mixing for 10 s,
and centrifugation at 13,000 rpm for 30 s at
4�C. The supernatant was set aside as the cytoplasmic fraction, and
the nuclear pellet was washed twice in hypotonic buffer. DNAwas ex-
tracted from whole cells, cytoplasmic fractions, and nuclear fractions
using the Wizard SV gDNA purification system (Promega, Madison,
WI, USA). PCR for the BCM-CAR19h28z gene was performed using
50 ng template and the following primers: 50-ACGGTGGTAGCTA
TGCTATG-30 and 50-CCGCCATCTTACTTTCTGC-30. Thermocy-
cling conditions consisted of initial denaturation (95�C for 2 min),
followed by 30 PCR cycles (95�C for 30 s, 59�C for 30 s, 72�C for
30 s) and final extension (72�C for 5 min). PCR products were
analyzed by gel electrophoresis.

Integration Copy Number by ddPCR

gDNA was extracted from CAR T cells after 15 days of culture using
the QIAamp DNA Micro kit (QIAGEN, Hilden, Germany). ddPCR
was performed using the QX200 system (Bio-Rad, Hercules, CA)
following the manufacturer’s protocol. Briefly, ddPCR reaction mixes
were set up to contain 1 � ddPCR Supermix for Probes (no 20-deox-
yuridine 50-triphosphate [dUTP]; Bio-Rad), 900 nM/250 nM RPP30
primers/probe (hexachloro-fluorescein [HEX]), 900 nM/250 nM
& Clinical Development Vol. 17 June 2020 365
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Figure 7. CAR Is Expressed from Transposon dbDNAs

with Longer Sequences Flanking the ITR

An additional 200 bp of random DNA was inserted between

protelomerase binding sites and ITRs flanking the piggyBac

transposon cassette. All plasmid and dbDNA combi-

nations of piggyBac transposase and transposon-

CAR19h28TM41BBz were used to generate CAR T cells

(n = 3 per combination). Tp, transposase plasmid; Td,

transposase dbDNA; Cp, transposon-CAR plasmid; Cd,

transposon-CAR dbDNA; neg, nontransfected T cells. (A)

Proportion of CD3+ T cells expressing CAR. (B) Represen-

tative histograms showing CAR expression on CD3+ T cells.

(C) Relative cell-surface expression of CAR on CD3+ T cells,

all on day 15 post-transfection. (D) Proportion of viable CD3+

T cells, 24 h post-transfection. (E) CAR transgene copy

number per CAR T cell using entirely plasmid or dbDNA

components on day 15 post-transfection (n = 2 per condi-

tion). Dots represent individual data points, and solid lines

represent the mean.
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CAR primers/probe (5(6)-carboxyfluorescein [FAM]), 3 IU HindIII
(New England BioLabs), and 3 ng gDNA. After droplet formation
with the QX200 Droplet Generator (Bio-Rad), samples were trans-
ferred to a semi-skirted twin-tec 96-well PCR plate (Eppendorf,
Hamburg, Germany), sealed with the PX1 PCR Plate Sealer (Bio-
Rad). Amplification was performed in a C1000 Touch Thermal
Cycler (Bio-Rad) using the following conditions: enzyme activation
(95�C for 10 min), followed by 40 PCR cycles (94�C for 30 s and
62�C for 1 min) and enzyme deactivation (98�C for 10 min), with
ramp rate 2�C/s. Postamplification analysis was performed using
the QX200 Droplet Reader (Bio-Rad) and QuantaSoft software
(Bio-Rad).

Statistical Analysis

GraphPad Prism 7 (GraphPad Software, La Jolla, CA, USA) was used
for statistical analysis. The significance level used was p <0.05.
Repeated-measures one-way analysis of variance (ANOVA) with the
Greenhouse-Geisser correction was performed to test for systematic
within-subjects differences. Where a possible association was identi-
fied, Tukey’s multiple comparisons test was performed, with individual
variances calculated for each comparison.Apaired t testwas performed
to identify any difference in integration copy number using plasmid-
only or dbDNA-only components. Where replicates have been per-
formed, the mean is presented in addition to individual data points.
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