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Insertional mutagenesis is an important risk with all genetically modified cell therapies, including chimeric
antigen receptor (CAR)-T cell therapy used for hematological malignancies. Here we describe a new
tagmentation-assisted PCR (tag-PCR) system that can determine the integration sites of transgenes without
using restriction enzyme digestion (which can potentially bias the detection) and allows library preparation in
fewer steps than with other methods. Using this system, we compared the integration sites of CD19-specific
CAR genes in final T cell products generated by retrovirus-based and lentivirus-based gene transfer and by the
piggyBac transposon system. The piggyBac system demonstrated lower preference than the retroviral system
for integration near transcriptional start sites and CpG islands and higher preference than the lentiviral system
for integration into genomic safe harbors. Integration into or near proto-oncogenes was similar in all three sys-
tems. Tag-PCR mapping is a useful technique for assessing the risk of insertional mutagenesis.
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1. Introduction

The first successful application of gene therapy, retroviral gene ther-
apy for patients with X-linked severe combined immunodeficiency,
resulted in sustained reconstitution of the T cell pool and protection
from infections [10]; however, the risk of development of T cell acute
lymphoblastic leukemia raised concerns about the safety of gene thera-
py [11]. A number of approaches have been developed to reduce the po-
tential risk associated with insertional mutagenesis, including systems
based on the self-inactivating (SIN) retroviral vector [28] and the SIN
lentiviral vector [3], and on non-virus vectors such as the Sleeping Beau-
ty [7] and piggyBac [31] transposon systems. It is expected that these
will provide safer gene transfer for clinical use.
ya University Graduate
66-8550, Japan.
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During gene therapy for primary immunodeficiencies, if a vector
becomes integrated into a part of the genome that contains a proto-
oncogene such as LMO2, this can result in the development of leukemia
[11]. Because of this, it is important to perform an integration site anal-
ysis to assess the potential insertional mutagenesis of a gene therapy.
Various polymerase chain reaction (PCR)-based technologies have
been developed to determine gene sequences in unknown DNA regions
that flank a known sequence; these include inverse PCR [23], ligation-
mediated PCR [21], and linear amplification-mediated PCR (LAM-PCR)
[27]. However, because these methods use restriction enzymes to frag-
ment the DNA, they can retrieve only a fraction of all the genomic inte-
grations [12]. Nonrestrictive LAM-PCR (nrLAM-PCR), a high-throughput
technique that does not involve restriction enzymes, was developed to
overcome this drawback; it has been reported to be a comprehensive
vector integration mapping method [25]. Target capture sequencing
has also been reported to be an accurate, time-saving, and cost-
effective method to determine the integration sites of viral vectors in
human genes [29]. However, despite their improvements, these
methods remain time-consuming. Therefore, we developed a new
tagmentation-assisted PCR (tag-PCR)method to analyze the integration
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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sites of genetically modified cells, which can analyze the integration
sites of transgenes accurately and more comprehensively than restric-
tion enzyme-based methods, and takes smaller number of steps to pre-
pare next-generation sequencing (NGS) libraries because of the small
number of sample preparation steps involved.

Therapy using genetically modified CD19-specific chimeric antigen
receptor (CAR)-T cells (CD19 CAR-T cells) has been reported as a break-
through treatment for CD19-positive B-cell lineage hematological
malignancies. The initial clinical successes of CD19 CAR-T cell therapy
have been achieved by SIN retroviral [2] and SIN lentiviral vector sys-
tems [9], but CD19 CAR-T cell engineering using non-viral vectors has
also been developed in pre-clinical studies and phase I clinical trials
[1,16,19].

In the present study, we applied the new tag-PCR method to the
integration mapping of CD19 CAR-T cells to compare the cells produced
by a piggyBac-mediated system with those from retroviral vector and
lentivirus vector systems.
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Fig. 1. Schematic outline of the tag-PCRmethod of integrated site mapping compared with stan
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2. Materials and Methods

2.1. Vector Construction

The piggyBac transposase plasmid (pCMV-piggyBac) has been previ-
ously described [14,22,31]. The transposon plasmid for CD19-specific
chimeric antigen receptor (pIRII-CAR.CD19) was produced by
subcloning FMC63-28z receptor protein gene [17] into EcoRI and KpnI-
digested pIRII-piggyBac transposon vector backbone [22]. pIRII-
CAR.CD19 encodes CD19 CAR (FMC63-28z) comprising a single-chain
variable fragment from an anti-CD19 antibody derived from the
FMC63 mouse hybridoma, a portion of the human CD28 molecule, and
the intracellular component of the human T cell receptor ζ molecule.
Both vectors are transcriptionally regulated by the cytomegalovirus
(CMV) immediate early gene enhancer/promoter sequence.

The CD19-encoding CAR retroviral and lentiviral vectors were pro-
duced by subcloning FMC63-28z into SFG retroviral [30] and CSII-
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CMV-MCS lentiviral (provided by Dr. Hiroyuki Miyoshi, RIKEN
BioResource Center, Japan) backbones, respectively. The transfer
vectors were co-transfected into the HEK293T cells using FuGENE HD
(Promega, Madison, WI, USA) with packaging and envelope plasmids,
according to the manufacturer's instructions. Further, supernatant was
collected following 72-hour incubation, and aliquots were stored at
−80 °C for further use. The schemata of the constructed vectors are
illustrated in Supplementary Fig. 1.

2.2. Generation of CD19 CAR-T Cells

We produced CD19 CAR-T cells from peripheral blood mononuclear
cells (PBMC) obtained from three healthy volunteers. The Institutional
Review Board of Nagoya University Graduate School of Medicine
(Nagoya, Japan) approved the study protocol.

To produce piggyBac-CD19 CAR-T cells, we used 4D-Nucleofector
device and P3 Primary Cell 4D-Nucleofector X Kit (Lonza, Basel,
Switzerland) for gene transfer. Briefly, we used program EO-115 to
electroporate 1 × 107 PBMC with 5 μg each of pIRII-CAR.CD19 transpo-
son plasmid and pCMV-piggyBac transposase plasmid. Further, the
transfected cells were co-cultured with irradiated autologous activated
T cells (ATCs, stimulated with OKT3 and anti-CD28 antibody and cul-
tured with IL-15 for 3 days) as feeder cells that were pulsed with four
viral peptide pools (MACS GMP PepTivator; AdV5 Hexon, CMV pp65,
EBV EBNA-1, and EBV BZLF1) (Miltenyi Biotec, Auburn, CA, USA), as
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Fig. 2. Chimeric antigen receptor expression. The frequency of chimeric antigen receptor (CAR
cells had been cultured for 14 days. (A) CAR expression for the piggyBac, retrovirus, and lenti
by a single data point. (B) Representative results of CAR expression in primary T cells obtained f
respectively.
previously reported [20]. Following stimulation, the cells were cultured
in TexMACS Medium (Miltenyi Biotec) supplemented with human in-
terleukin (IL)-7 (10 ng/mL, Miltenyi Biotec) and IL-15 (5 ng/mL,
Miltenyi Biotec) in 24-well plates at 37 °C in a humidified 5% CO2 incu-
bator. On day 7, the cells were transferred into G-Rex10 culture flasks
(Wilson Wolf Manufacturing Inc., New Brighton, MN, USA) and co-
cultured with four viral peptides-pulsed irradiated ATCs in the same
manner as described above. Then, the product was cryopreserved at
−80 °C for further use. Retroviral-CD19 CAR- and lentivirus-CD19
CAR-T cells were produced using MoMLV- and HIV-based systems,
respectively [30]. Briefly, PBMC activated with anti-CD3 antibody
(clone OKT3, Ortho Biotech, Bridgewater, NJ, USA), anti-CD28 antibody
(BD Pharmingen, Franklin Lakes, NJ, USA), human IL-7 (10 ng/mL), and
IL-15 (5 ng/mL) were transduced with viral supernatant using precoat-
ed plates with a recombinant fibronectin fragment (RetroNectin, Takara
Bio, Otsu, Japan). The cells were cultured in complete media supple-
mented with IL-7 (10 ng/mL) and IL-15 (5 ng/mL) for 14 days. Follow-
ing this, the products were cryopreserved at−80 °C for further use.

2.3. Flow Cytometric Analysis

T cell products were stained with a monoclonal antibody directed
against the single-chain variable fragment (scFv) of the CD19 CAR gen-
erously provided by Dr. Gianpietro Dotti (University of North Carolina).
CAR expression was examined by stainingwith allophycocyanin (APC)-
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) expression was measured by flow cytometry using anti-idiotype antibodies after CAR-T
virus vectors obtained from three healthy donors. Each donor's CAR expression is shown
rom donor 3. The x- and y-axes indicate the fluorescence intensity and frequency of events,
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conjugated mouse anti-human CD3 monoclonal antibody (mAb) and
phycoerythrin (PE)-conjugated goat anti-mouse IgG (H+ L) mAb (BD
Pharmingen, Franklin Lakes, NJ, USA). Then, the cells were analyzed by
BD FACSCalibur with BD Cell Quest Pro software (Becton Dickinson,
Franklin Lakes, NJ, USA).
2.4. Tagmentation-Mediated PCR (Tag-PCR)

Genomic DNA was extracted from CAR-T cells using a QIAamp DNA
Blood Mini Kit (Qiagen, Hilden, Germany). We performed two-step
measurement of DNA using Qubit 2.0 Fluorometer (Life Technologies,
CA, USA) to ensure accuracy. In addition, we routinely measured A260/
A280 ratio using NanoDrop (Life Technologies) to assess protein con-
tamination and diluted target DNA to ensure the concentration of
EDTA in DNA was b0.1 mM. Further, 50 ng DNA was applied to
tagmentation reaction for 5 min at 58 °C using the transposase and
transposon complex provided in IlluminaNextera DNA Library Prepara-
tion Kit (Illumina, San Diego, CA, USA). In this reaction, the DNA was
fragmented at random positions and added with adapter sequences on
both ends, serving as a scaffold for subsequent PCR reactions [4]. After
purification with AMPure XP beads (Beckman Coulter, Brea, CA, USA),
the tagmentation product was applied to the following two-step PCR.

In thefirst step of PCR,we performed40-cycle PCR to amplify vector-
genome junctions using PrimeSTAR GXL DNA Polymerase (TaKaRa Bio,
Ohtsu, Japan), a Mastercycler pro S (Eppendorf, Hamburg, Germany),
Fig. 3. Frequency of integration into or around genomic elements. Frequency of integration in
windows around CpG islands (D). Gray bars indicate the results from random simulation. * P b
and primers,whichwere specific to an end of the transgene and adapter
sequence, according to the manufacturers' instructions. We performed
six patterns of PCR in parallel using 2 ng DNA for each reaction. The
transgene-specific primer was tagged with an adapter sequence on its
5′ end, which served as a scaffold for the second step of PCR. In this
step, platform-specific adapter sequences and individual indices for
next-generation sequencer were attached to the first PCR product in
the 14 cycles of thermal cycling. We used 1 μL of the first PCR product
for the second step of PCR without any purification. The sequences of
primers are listed in Supplementary Table 1, whereas paring of primers
for thefirst PCRare summarized in Supplementary Table 2. In the second
step of PCR, index numbers N723–N726, N716–N719, and N720–N722
were used for piggyBac, retrovirus, and lentivirus, respectively.

Lastly, the second PCR product was purified with AMPure XP beads,
quantified, and subjected to sequencing on HiSeq2500 next sequencing
platform with 2- × 150-bp paired end-reads (Illumina).

Three separate experiments using three different donors' PBMCwere
performed for each gene transfer system. After confirming that the pro-
files of integration sites did not significantly differ among the donors
(Supplementary Fig. 2),wepooled thedata for eachgenetransfer system.
2.5. Analysis of Sequencing Data for Integration Mapping

In the data of high-throughput sequencing, we selected reads con-
taining vector–genomic DNA junctions using the complete match of a
genes (A), exons (B), 5 kb windows around transcriptional start sites (TSSs) (C), and 5 kb
.001; † P b .01; ‡ P b .05; NS, not significant.



Fig. 4. Integration frequency around transcriptional start sites and CpG islands. (A) The
frequency of insertion within a distance of 500 bp from the nearest transcriptional start
site (TSS). (B) The frequency of insertion within a distance of 500 bp from the nearest
CpG island. The frequencies for the piggyBac, retrovirus, and lentivirus vectors are illustrat-
ed in blue, orange, and yellow, respectively. The gray dotted lines represent simulated ran-
dom integration events.
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15-bp specific sequence on the vector. Following the removal of vector-
derived part of the sequences, such reads were aligned to the hg19
human genome using Burrows–Wheeler aligner with a-MEM option
[18]. We considered the alignment valid if (i) there was no inserted
base between the vector and genome sequences; (ii) the aligned read
Fig. 5. Frequency of integration into or around transcriptional start site of proto-oncogenes and
windows around transcriptional start sites (TSSs) of proto-oncogenes (B), and gene safe harb
significant.
was ≥20 bp; (iii) mapping quality was ≥30; and (iv) identity with refer-
ence genome was ≥95%.

We evaluated the site of genomic integration for the presence of
RefSeq genes, CpG islands, and transcription start sites (TSSs). Integra-
tion into a RefSeq gene (intragene) was defined as insertion between
the transcriptional start and stop sites of a gene. We defined 572
proto-oncogenes based on Sanger Institute Cancer Gene Census
Table (http://www.sanger.ac.uk/genetics/CGP/Census/; as of July 4,
2016).

To assess the frequency of integration into genomic safe harbors
(GSHs), we used the previously proposed criteria: (i) a minimum dis-
tance of 50 kb from the 5′ end of any gene; (ii) a minimum distance of
300 kb from any cancer-related gene; (iii) a minimum distance of 300
kb from any microRNA (miRNA); (iv) located outside a transcription
unit; and (v) located outside ultraconserved regions of the human
genome [24,26]. The positions of miRNA were obtained from
miRBase11 as of April 17, 2017. We defined the ultraconserved region
using the phyloP conservation score of ≥1.0, which was deposited in
UCSC Genome Browser (http://genome.ucsc.edu/cgi-bin/hgTables).

We simulated random integration sites by generating random num-
bers across the hg19 co-ordinate using Mersenne twister pseudoran-
dom number generator.

2.6. Validation of the Integration Sites Generated by Tag-PCR

To validate the integration sites determined by tag-PCR, we detected
the integration sites of piggyBac-CAR-T cells using target capture
sequencing and compared them with those obtained from tag-PCR. In
brief, we designed custom SureSelect bait capturing the whole part of
pIRII-CAR.CD19 vector (Agilent Technologies, Santa Clara, CA, USA).
Further, we performed target enrichment and sequencing according to
the manufacturers' instructions. Using in-house programs, we detected
sequence reads containing vector–genome junctions and performed
subsequent analyses as in the case of tag-PCR.

2.7. Sequence Logo Analysis

WeusedWebLogo [5] to analyze integration sites determined byour
study to evaluate and visualize consensus sequence motifs. The stan-
dard logo plots revealed a possible consensus sequence, with the height
of the nucleotide representing the level of conservation at that position.
gene safe harbors. The frequency of integration within proto-oncogenes (A), within 50-kb
ors (C). Gray bars indicate results from random simulation. * P b .001; † P b .01; NS, not

http://www.sanger.ac.uk/genetics/CGP/Census
http://genome.ucsc.edu/cgi-bin/hgTables
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2.8. Statistical Analysis

The Fisher's exact test was used to compare the integration frequen-
cies. All p-values reported are two-sided, and the values b0.05 were
Fig. 6. Validation of tag-PCR system by target capture sequencing. Comparison of integratio
sequencing. We calculated several parameters, including frequency of integration in genes (A
from CpG islands (D), the patterns of insertions around TSSs (E), CpG islands (F), integration
gene safe harbors (I) using data from both methods.
considered statistically significant. All statistical analyses were per-
formed using EZR (Saitama Medical Center, Jichi Medical University), a
graphical user interface for R (The R Foundation for Statistical Comput-
ing, Vienna, Austria) [15].
n site mapping of piggyBac CAR-T cell generated by tag-PCR and that by target capture
), exons (B), 5-kb windows around transcriptional start sites (TSSs) (C), 5-kb windows
within proto-oncogenes (G), 50-kb windows around TSS of proto-oncogenes (H), and
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3. Results

3.1. Comparison of the Tag-PCR Procedurewith those of the Other SiteMap-
ping Methods

Fig. 1 provides a schematic overview of the tag-PCR (Fig. 1C) site
integration mapping method in comparison to the LAM-PCR (Fig. 1A)
and nrLAM-PCR (Fig. 1B) methods. The tagmentation reaction simulta-
neously fragments the DNA at random positions and adds adapter
sequences on both sides of the fragments. Using the adapter sequences
as scaffolds, PCR amplifies the vector–genome junctions. This procedure
does not utilize restriction enzyme digestion and involves fewer pro-
cessing steps than the other two methods.

3.2. Transduction Efficiency of piggyBac-, Retrovirus-, and Lentivirus-CD19
CAR-T Cells

We generated CD19 CAR-T cells using three methods of transduc-
tion: piggyBac transposon, retrovirus, and lentivirus. The cells were cul-
tured for 14 days and the transduction efficiency of the CD19 CAR gene
(FMC63-28z) was measured by flow cytometry using an anti-idiotype
antibody (Fig. 2). There was no statistical difference in the transduction
efficiency of the cells produced by the piggyBac transposon, retrovirus,
and lentivirus systems (28.4%–51.4%, 47.1%–63.4%, and 51.4%–58.4%,
respectively). This result indicates that the piggyBac transposon system
had comparable transduction efficiency to those of the retrovirus and
lentivirus vectors.

3.3. Mapping of Genomic Integration Sites

Using tag-PCR to identify the integration sites, wemapped 602, 815,
and 1609 integration sites within the human genome for the piggyBac-,
retrovirus-, and lentivirus-CAR-T cells, respectively. The sites are listed
in Supplementary Table 3. Consensus sequencing around the integra-
tion sites confirmed that the piggyBac transposon system integrated
CD19 CAR genes into TTAA sequences in the human genome, and that
there was palindromic preference for upstream and downstream repet-
itive A or T sequences surrounding the central TTAAnucleotide (Supple-
mentary Fig. 3A), as noted previously [8]. In contrast, the retrovirus and
lentivirus systems displayedweak preferences for integration at the pri-
mary DNA sequence level (Supplementary Fig. 3B and C).

We analyzed the frequencies of the three vectors' integration into
known genomic elements, including genes (exons and introns), the re-
gions surrounding (i.e. within ±5 kb of) TSSs, and regions surrounding
CpG islands (with an absolute distance b5 kb, Fig. 3). The integration
frequency into genes (intragenic regions) of piggyBac was 59.6%,
which was significantly higher than that for the retrovirus system
(51.9%, P = .0042) and lower than that for the lentivirus system
(81.9%, P = 9.7 × 10−26; Fig. 3A). The frequency of insertions into
exons was comparable for piggyBac (2.7%), retrovirus (2.0%), and lenti-
virus (3.4%; Fig. 3B). Consistent with previous reports [6], piggyBac ex-
hibited a preference for gene integration around TSSs (±5 kb, 27.1%)
and CpG islands (b5 kb, 26.6%), which was similar to, but weaker than,
the pattern shown by the retrovirus vector (TSS, 35.7%, P = 6.7 ×
10−4; CpG, 32.8%, P= .014; Fig. 3C and D and Fig. 4). Compared with
these two systems, such preferencewas significantly weaker in the len-
tivirus system (TSS, 15.9% and CpG, 17.7%).

We analyzed the frequencies of integration of the three vectors into
or around (±50 kb) the TSSs of known proto-oncogenes (Fig. 5). The
frequency into known proto-oncogene for piggyBac (5.3%) was not sig-
nificantly different from that for retrovirus (3.2%) and lentivirus (6.8%),
nor around the TSSs of known proto-oncogene (piggyBac, 3.8%; retrovi-
rus, 3.9%; lentivirus, 4.5%) (Fig. 5A and B). There was no integration of
any of the three vectors into or within 50 kb of the TSSs of proto-
oncogenes that have been reported to induce leukemogenesis in
hematopoietic stem cell-based gene therapy, such as LMO2, BMI2,
CCND2, MN1 or MECOM (MDS1-EVI1) (Supplementary Table 4).

We also analyzed integration of the three vectors intoGSHs (Fig. 5C).
We defined these based on previously proposed criteria regarding their
location [24,26]. All three vectors demonstrated a lower frequency of
integration into GSHs than that of random simulation control. The fre-
quency for piggyBac (8.3%) was not significantly different from that for
retrovirus (7.2%) but was significantly higher than that for lentivirus
(2.9%, P=2.6 × 10−7) (Fig. 5C).

3.4. Validation of Tag-PCR-Based Integration SiteMappingwith Target Cap-
ture Sequencing

We compared various properties of the integration sites of piggyBac-
CD19 CAR-T cells generated by tag-PCR and by target capture sequenc-
ing. Starting from the identical DNA specimen, only eight integration
sites were identified in common in both tag-PCR and target capture se-
quencing, indicating that our piggyBac CAR-T cell products were highly
polyclonal. The frequency of integration into each element of genes, the
integration pattern around TSSs and CpG islands, the integration into or
around TSSs of proto-oncogenes, and the integration into GSHs were
not significantly different between the two methods (Fig. 6).

4. Discussion

Deep evaluation of piggyBac transposon integrations is needed for
consideration of a piggyBac-modified human T cell product for human
therapeutic application. To this end, we developed a new genome-
wide integration site mapping system with tag-PCR technique, which
allows the non-selective assessment of the DNA sequences that flank
the vector integration. Other conventional mapping methods are also
able to identify the integration sites of gene transfer vectors, but tag-
PCR-based mapping offers two main technological advantages: it can
analyze the integration sites of transgenes accurately andmore compre-
hensively than restriction enzyme-basedmethods, and it is simpler and
faster technique for site mapping than the methods that do not use
restriction enzymes. Inverse PCR [23] and LAM-PCR [27] are applied to
genomic DNA that has been digested by specific restriction enzymes;
thus, they analyze the junctions of the host DNA and transgenes that in-
tegrate near the cleavage sites of each restriction enzyme. In contrast,
tagmentation enzymes cut the genomic DNA at random positions, so
tag-PCR is able to analyze the sequences flanking a known DNA se-
quencemore comprehensively, without missing any specific restriction
fragments. Like tag-PCR, the recently developed nrLAM-PCR and target
capture sequencing systems are high-throughput techniques that do
not use restriction enzymes and can produce non-biased, comprehen-
sive integration site mapping. However, tag-PCR is able to perform inte-
gration site mapping more simply and faster than these other systems,
potentially saving time. With tag-PCR mapping, it takes only a single
day to prepare NGS libraries because of the small number of sample
preparation steps. However, validation of tag-PCR integration site map-
ping against target capture sequencing confirmed its equivalent perfor-
mance, despite its speed and simplicity. Because of these advantages,
tag-PCR will allow integration site mapping of all genetically modified
cell products, as well as periodic monitoring of the clonality of infused
cells in individual patients, thereby reinforcing the safety of genetically
modified cell therapy in the clinical setting.

In this study, we used tag-PCR to evaluate the integration mapping
of CD19 CAR-T cell products produced by piggyBac, retrovirus, and len-
tivirus systems. To our knowledge, this was the first study to analyze
genome-wide insertion mapping of piggyBac-generated human CD19
CAR-T cell products. The piggyBac system demonstrated a lower prefer-
ence than the retrovirus system and a higher preference than the lenti-
virus system to integrate near TSSs and CpG islands. Our results are in
line with the results of a previous study evaluated green fluorescent
protein transgene integrations, and not CD19 CAR transgene
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integrations, in human T cells assessed by insertional mapping with
LAM-PCR system [6,8,13]. Although the integration mapping property
cannot fully evaluate the safety of gene therapies, the insertional muta-
genesis risk of piggyBac CAR-T cells seemed to be comparable to that of
retroviral CAR-T cells which have demonstrated safety with regards to
genotoxicity over a long period of time in humans.

In conclusion, we have developed a new integrationmappingmeth-
odology based on tag-PCR, and we applied it to evaluate CD19 CAR-T
cell products of piggyBac, retrovirus, and lentivirus systems. This dem-
onstrated that tag-PCR mapping is a useful technique for assessing the
risk of insertional mutagenesis and for clonality analysis of genetically
modified cells. Given the reduced cost of vector production, piggyBac-
modified CAR-T cells could be a feasible therapeutic approach for cancer
and possibly other diseases.
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