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Abstract

Nonviral integrating vectors can be used for expression of therapeutic genes. piggyBac (PB), a transposon/
transposase system, has been used to efficiently generate induced pluripotent stems cells from somatic cells,
without genetic alteration. In this paper, we apply PB transposition to express a chimeric antigen receptor (CAR)
in primary human T cells. We demonstrate that T cells electroporated to introduce the PB transposon and
transposase stably express CD19-specific CAR and when cultured on CD19™ artificial antigen-presenting cells,
numerically expand in a CAR-dependent manner, display a phenotype associated with both memory and
effector T cell populations, and exhibit CD19-dependent killing of tumor targets. Integration of the PB trans-
poson expressing CAR was not associated with genotoxicity, based on chromosome analysis. PB transposition
for generating human T cells with redirected specificity to a desired target such as CD19 is a new genetic

approach with therapeutic implications.

Introduction

TCELLS CAN BE genetically modified to redirect specificity
through the introduction of full-length off T cell receptors,
which recognize antigen in the context of major histocom-
patibility complex (MHC) or through the introduction of
chimeric antigen receptors (CARs) to recognize cell surface
antigen independent of MHC (Rossig and Brenner, 2003; Biagi
et al., 2007). Approaches to introduce CARs are viral (trans-
duction with retrovirus/lentivirus) (Zanzonico et al., 2006; Lu
et al., 2007) or nonviral using DNA plasmids (Fewell et al.,
2005; Schmieder et al., 2007; Schertzer and Lynch, 2008) or
mRNA (Smits et al., 2004; Van Tendeloo et al., 2007, Wiehe
et al., 2007). Electrotransfer of DNA plasmids has been
adapted for clinical trials to introduce CAR transgenes into
primary T cells (Cooper et al., 2003; Gonzalez et al., 2004;
Jensen, 2007; Park et al., 2007). However, the integration effi-
ciency of introduced naked DNA plasmids is low, resulting in

lengthy periods of ex vivo culturing under selection pressure
to recover T cells expressing stable CAR integrants. We and
others have reported that the Sleeping Beauty (SB) transposon/
transposase could be used to improve the efficiency of gene
transfer to express CAR and o/f T cell receptor in T-cells
(Huang et al., 2008; Singh et al., 2008; Jones et al., 2009) and that
this system may be adapted for clinical trials (Williams, 2008;
Xue et al., 2009).

We now extend these observations to demonstrate that an
alternative transposon/transposase system, namely piggyBac
(PB), can also be used to introduce a CAR to redirect T-cell
specificity for CD19 expressed on malignant (and normal) B
cells. The PB transposon, derived from the cabbage looper
moth Trichoplusia ni, was originally identified in the genome
of baculovirus-infected insect cells, giving rise to the name
piggyBac (Cary et al., 1989; Fraser et al., 1995, 1996). The
original PB element was approximately 2.4 kb with identical
13-base pair (bp) terminal inverted repeats and additional
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asymmetric 19-bp internal repeats (Elick et al., 1997; Li et al.,
2001, 2005). PB is typically thought to mediate precise exci-
sion of transposon segments in mouse (Ding et al., 2005) and
human cells through a cut-and-paste mechanism, resulting
in complementary TTAA overhangs on the ends of the
donor DNA and ligation of these ends to restore the donor
site to its pretransposon sequence (Cary et al., 1989; Ding
et al., 2005; Fraser et al., 1995; Wu et al., 2006; Wilson et al.,
2007; Mitra et al., 2008). PB has been used as a vector for
reprogramming murine and human embryonic fibroblasts
(Woltjen et al., 2009), and for introduction of the repro-
gramming factor KIf4 into murine epistem cells (Guo et al.,
2009).

To evaluate the capability of PB as a vector for applica-
tion in gene therapy we generated primary human T cells
with redirected specificity for CD19, using the PB transposon/
transposase system. We constructed a PB transposon ex-
pressing a second-generation CD19-specific CAR desig-
nated CD19RCD28. We demonstrate that electroporation of
primary human T cells with this PB transposon plasmid in
the presence of codon-optimized PB transposase resulted in
efficient integration of the CAR transgene, and numeric
expansion of the CD19 CAR™ T cells to clinically significant
numbers could be readily achieved by recursive propaga-
tion on y-irradiated K562-derived designer artificial antigen-
presenting cells (aAPCs).

Materials and Methods
Plasmids

The donor plasmid pXLBaclIPUbnlsEGFP (Wu et al., 2006),
derived from pBSII-ITR1 (Li ef al., 2005), was a kind gift from
J. Kaminski (Medical College of Georgia, Augusta, GA); itis a
minimal PB vector with terminal repeats of 308 and 238 bp at
the 5" and 3’ ends, respectively. The codon-optimized second-
generation CD19RCD28 (c,0p,CD19RCD28) CAR (Singh et al.,
2008) was subcloned into the pXLBaclIPUbnlsEGFP vector
by replacing the enhanced green fluorescent protein (EGFP)
sequence with the CAR sequence to create co,0pCDI9R
CD28/pXLBacllUbnls (pPB-CAR) (Fig. 1A). The PB transpo-
sase was also codon optimized for expression in human cells
(GenScript, Piscataway, NJ) and modified to include a 5’ Sacll
restriction site immediately upstream of a strong Kozak initi-
ation signal and a 3’ Psil restriction site after the stop codon.
Sacll/Psil-digested CoOp piggyBac transposase (hpB) was
then subcloned into Sacll/Psil-digested pCMV-piggyBac as
described elsewhere (Wilson et al., 2007) to create pCMV-hpB
(Fig. 1B).

Cell lines and primary human T cells

Daudi cells (human Burkitt’s lymphoma cell line; cat. no.
CCL-213) were obtained from the American Type Culture
Collection (ATCC, Manassas, VA). The GFP* U251T glio-
blastoma cell line (a kind gift from W. Debinski, Wake Forest
University, Winston-Salem, NC) was transfected with the
ACD19/pSBSO vector and stable transfectants expressing
truncated CD19 (Serrano et al., 2006) were established. Both
GFP" U251T cells and CD19"GFP* U251T cells (transfected
to express truncated CD19) cells, were cultured in Dulbecco’s
modified Eagle’s medium (Hyclone, Logan, UT) supple-
mented with 2mM GlutaMAX-1 (GIBCO; Invitrogen,
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Carlsbad, CA) and 10% heat-inactivated fetal calf serum
(FCS). Human T cells were isolated by density gradient
centrifugation over Ficoll-Paque PLUS (GE Healthcare Bio-
sciences, Uppsala, Sweden), from peripheral blood obtained
from the Gulf Coast Regional Blood Center (Houston, TX)
after consent had been obtained.

Artificial antigen-presenting cells

K562 cells transduced with lentivirus to coexpress CD19,
CD64, CD86, CD137 ligand (CD137L), and membrane-
bound interleukin (IL)-15 (coexpressed with GFP), re-
ferred to as clone 4 (Fig. 1C), were kindly provided by C.
June (University of Pennsylvania, Philadelphia, PA) and
used as artificial antigen-presenting cells (aAPCs) for
in vitro expansion of genetically modified T cells in culture
medium.

Electroporation of T cells and selective
outgrowth of CAR™ T cells

On day 0 of a culture cycle, 10" mononuclear cells from
peripheral blood were resuspended in 100 uL of Amaxa
Nucleofector solution (human CD34" cell Nucleofector kit,
cat. no. VPA-1003; Lonza, Basel, Switzerland), mixed with
15 ug of supercoiled plasmids pPB-CAR and pCMV-hpB
(7.5 ug each), transferred to a cuvette, electroporated (Pro-
gram U-14), and cultured overnight as described earlier
(Singh et al., 2008). The next day (day 1) the cells were
stimulated with y-irradiated (100 Gy) K562-aAPCs (clone 4)
at a 1:1 ratio of T cells to aAPCs. The y-irradiated aAPCs
were re-added every 7 days at a 1:1 ratio of T cells to aAPCs.
Recombinant human IL-2 (rthIL-2; Chiron, Emeryville, CA)
was added to the cultures at 50U/mL on a Monday-
Wednesday-Friday schedule beginning on day 1 of each
7-day T cell expansion cycle. T cells were enumerated every
7 days and viable cells were counted on the basis of trypan
blue exclusion.

Flow cytometry

Fluorochrome-conjugated reagents were obtained from
BD Biosciences (San Jose, CA) unless otherwise indicated:
peridinin chlorophyll protein—cyanine 5.5 (PerCP-Cy5.5)-
conjugated anti-human CD4 (cat no. 341654), allophycocyanin
(APC)-conjugated anti-human CDS8 (cat. no. 555369), phyco-
erythrin (PE)-conjugated anti-human CD27 (cat. no. 555441),
PerCP-Cyb5.5-conjugated anti-human CD28 (cat. no. 337181),
APC-conjugated anti-human CD62L (cat. no. 559772), and
PE-conjugated anti-human CCR7 (cat. no. FAB197P; R&D
Systems, Minneapolis, MN). R-phycoerythrin-conjugated
goat F(ab’), anti-human IgG(y) (cat. no. H10104; Caltag
Laboratories/Invitrogen, Burlingame, CA) or fluorescein
isothiocyanate (FITC)-conjugated goat F(ab’), anti-human
IgG(y) (cat. no. 109-096-170; Jackson ImmunoResearch
Laboratories, West Grove, PA) was used at 1:20 dilution
to detect cell surface expression of the CD19-specific CAR,
CD19RCD28. Blocking of nonspecific antibody binding
was achieved with FACS wash buffer (2% fetal bovine
serum [FBS] in phosphate-buffered saline [PBS]). Data
acquisition was done with a FACSCalibur (BD Biosciences)
using CellQuest version 3.3 (BD Biosciences). Analyses
and calculation of median fluorescence intensity (MEFI)
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FIG. 1. Schematic of the two PB DNA plasmids electrotransferred. (A) coop,CD19RCD28/pXLBacllUbnls (pPB-CAR,
Transposon): polyubiquitin promoter; c,0,CD19RCD28, codon-optimized CD19RCD28 CAR pBac3' and pBac5', PB-
inverted /direct repeats; BGH-polyA, polyadenylation signal from bovine growth hormone; Amp", ampicillin resistance gene.
(B) pCMV-hpB (Transposase): hpB, codon-optimized PB-transposase; CMV IE, CMV enhancer/promoter pUC ori, minimal
E. coli origin of replication. (C) Scheme for electroporation with PB plasmids and propagation on CD19" K562-derived
artificial antigen-presenting cells (aAPCs). Electroporation with transposon (blue) provides only transient expression unless
incorporated into a transposon vector that can be cleaved from the plasmid and integrated into a host genome by a source of
transposase (red). On the day after electroporation, T cells are cocultured with y-irradiated K562 genetically modified to
coexpress CD19, CD64, CD86, CD137L (4-1BBL), and cell surface membrane-bound IL-15 (fusion of IL-15 cytokine peptide
and human Fc region), with the addition of IL-2, resulting in expansion of stably transfected CAR™ T cells to clinically sig-

nificant numbers.

was undertaken with FlowJo version 7.2.2
Ashland, OR).

(TreeStar,

Chromium release assay

The cytolytic activity of T cells was determined in a 4-hr
chromium release assay (CRA) (Cooper et al., 2003). CD19-
specific T cells were incubated with 5x10° >'Cr-labeled target
cells in a V-bottomed 96-well plate (Costar; Corning Life
Sciences, Lowell, MA). The percentage of specific cytolysis
was calculated from the release of >'Cr, as described earlier,
using a TopCount NXT (PerkinElmer Life and Analytical

Sciences, Waltham, MA). Data are reported as means+
standard deviation (SD).

Video time-lapse microscopy

To visualize killing of tumor targets by PB-modified
CD19-specific T cells, we undertook imaging by video time-
lapse microscopy (VILM), using a BioStation IM Cell-
51/Cell-S1-P system (Nikon, Melville, NY). U251T cells were
chosen as targets on the basis of an ability to identify living
and dying/dead cells by phase-contrast dynamic morphol-
ogy (Serrano et al., 2006). Parental GFP" U251T cells (green)
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were used as CD19~ targets whereas CD19"GFP* U251T
cells (transfected to express truncated CD19), stained ac-
cording to the manufacturer’s protocol with PKH-26 red
fluorescent dye (cat. no. MINI26; Sigma-Aldrich, St. Louis,
MO), which fluoresced orange (green plus red), were used as
CD19" targets. CD19” and CD19" U251T targets were mixed
at a 1:1 ratio (0.25x10° cells per target) and plated overnight
on a T-35 mm glass bottom plate (Fisher Scientific, Hampton,
NH) in culture medium. PB-modified CD19RCD28" T cells
(0.2x10° in 200 uL. of culture medium) were added to the
adherent U251T targets and were immediately imaged every
200sec at 37°C for up to 4hr. Each image was recorded at
1600 %1200 pixels with a x20 objective, using a phase-contrast
along with fluorescence channel 1 to observe orange
CD19"GFP* U251T cells and fluorescence channel 2 to ob-
serve green CD19"GFP" U251T cells with an exposure time
of 1/125 and 1/5 sec, respectively. Adherent live U251T cells
appear flat and spread out whereas dying cells round up and
implode. Movies (available at www liebertonline.com/hum)
showing the killing events were made with Microsoft
Windows Movie Maker software, version 5.1 (Microsoft,
Redmond, WA).

Automated cell counting

Automated cell counting was accomplished with a Cell-
ometer (Nexcelom Bioscience, Lawrence, MA). A T-cell sus-
pension (20 uL) and 0.2% trypan blue were mixed at a 1:1
ratio and 20 L was loaded onto a disposable counting
chamber and inserted into the Cellometer to automatically
obtain concentration and live and dead cell counts. Data and
images were saved and analyzed.

DNA polymerase chain reaction for PB transposase

Polymerase chain reaction (PCR) over 30 cycles with DNA
isolated from PB-modified and expanded T cell cultures,
using PB transposase-specific primers 5-ACGAGCACA
TCCTGTCTGCTCTGCTGCAG-3' and 5- ACATATCGATG
TTGTGCTCCCGGCAGAT-3, was carried out in a thermal
cycler (PTC-200 DNA engine cycler; Bio-Rad, Hercules, CA).
The housekeeping gene GAPDH, encoding glyceraldehyde-
3-phosphate dehydrogenase, was also amplified in the same
samples, using forward primer 5-TCTCCAGAACATC
ATCCCTGCCAC-3' (80ng/pL) and reverse primer 5-TGG
GCCATGAGGTCCACCACCCTG-3' (80ng/uL). The PCR
products were separated on a 0.8% agarose gel, using 4 uL. of
each sample per lane. The gel was stained with ethidium
bromide (0.1 mg/mL), destained with distilled water, and
visualized with a VersaDoc 4000 gel documentation system
(Bio-Rad).

Fluorescence in situ hybridization

Exponentially growing genetically modified T cells
(5x10°) were harvested after 21 days of coculture on aAPCs
and incubated with demecolcine (0.04 ug/mL; GIBCO-BRL/
Invitrogen, Grand Island, NY) for 45 min at 37°C. The treated
cells were centrifuged and exposed to 75 mM KClI for 20 min,
after which they were fixed in a methanol-acetic acid mixture
(3:1), washed three times with the fixative, and dropped on
glass slides for air drying. CD19RCD28-specific DNA probe
was labeled by nick translation with Spectrum green (Vysis/
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Abbott Molecular, Des Plaines, IL). Hybridization with the
fixed T cells was performed according to the manufacturer’s
protocol. The slides were counterstained with 4’,6-diamidino-
2-phenylindole (DAPI) and the images were captured with
a Quips Pathvysion System; (Applied Imaging, Santa Clara,
CA). To determine the number of integrants, 40 to 50 indivi-
dual metaphase spreads were analyzed.

Chromosome banding analysis

Exponentially growing PB-modified T cells cultures were
incubated for 2 hr at 37°C with colcemid (20 uL, 0.04 ug/mL)
per 10mL of culture medium followed by KCl (0.075 mol/
liter) at room temperature for 15 min, fixed with acetic acid—
methanol (1:3), and washed three times on a glass slide. For
Giemsa banding, slides treated with trypsin were stained
with Giemsa stain according to standard techniques de-
scribed previously (Singh ef al., 2008). Ten Giemsa-banded
metaphases were photographed and 5 complete karyotypes
were prepared with a karyotyping system from Applied
Imaging.

Results

PB-mediated gene transfer and selected
propagation of CAR™ T cells

To evaluate whether the PB system can render primary
human T cells specific for CD19, peripheral blood mononu-
clear cells (PBMCs, containing quiescent T cells) were elec-
troporated with pPB-CAR (to express CAR transposon; Fig.
1A) in the absence and presence (in trans) of pCMV-hpB (to
express transposase) (Fig. 1B). After electrotransfer the T cells
expressing CAR were propagated on y-irradiated K562-
aAPCs expressing CD19 antigen and the desired costimula-
tory molecules CD86, CD137L, and membrane-bound IL-15
(Fig. 1C). After 21 days of coculture on aAPCs, CD3™ T cells
expressing CAR increased to 50% (~70-fold improvement in
CAR expression) in cultures electroporated with both PB
transposon and transposase, whereas the CAR expression
remained undetectable on T cells electroporated with trans-
poson alone (~1%) (Fig. 2A). These data are consistent with
the PB transposase improving gene transfer efficiency such
that the CAR" T cells could be selectively propagated on
recursive additions of aAPCs. At the end of 3 weeks, 10°
T cells modified with transposon and transposase had
increased by 56-fold and the CAR" T cells continued to
numerically expand thereafter when cultured on aAPCs
(Fig. 2B). The outgrowth of CAR™ T cells resulted in 97% of
cells expressing CD19RCD28, with a density (MFI) peaking
at 70 arbitrary units by day 49 (Fig. 2C).

Redirected function of CAR™ T cells
after electrotransfer of PB plasmids

The genetically modified and numerically expanded T
cells were evaluated for redirected killing of CD19™ (paren-
tal) and CD19" U251T (transfected) (Fig. 3A) tumor targets.
Their specificity of killing was revealed by a 3-fold increase
in lysis of CD19" U251T cells (51% specific lysis) over
background lysis of CD19™ U251T cells at an effector-to-tar-
get ratio of 25:1, as shown in Fig. 3B. Further, the genetically
modified T cells also demonstrated redirected cytotoxicity
against CD19* human Burkitt’s lymphoma Daudi cells (65%
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FIG. 2. CAR expression on T cells after electrotransfer of PB vector(s) and selected outgrowth of CAR" T cells upon
coculture with aAPCs. (A) Expression of CD19RCD28 CAR on CD3* T cells by flow cytometry with anti-Fc antibody after
electrotransfer of PB transposon with or without PB transposase at 24hr and 3 weeks of coculture on y-irradiated K562-
derived aAPCs (clone 4). (B) Kinetics of T cell growth on coculture with aAPCs. (C) CAR expression over time. Percentage
expression of CAR and MFI (surrogate for density) on T cells cotransfected with PB transposon and transposase upon

coculture with K562-aAPCs.

at a 25:1 effector-to-target ratio; Fig. 3B), confirming their
redirected ability to target B cell lymphomas.

Visualization of CD19" tumor cell killing
by genetically modified T cells

We employed VTLM to directly visualize killing of CD19™
U251T tumor cells by genetically modified CAR™ T cells. The
CD19™ parental and CD19" transfected U251T targets were
admixed at a ratio of 1:1 before adding PB-modified CD19-
specific T cells and killing was directly visualized over 4 hr
to reveal the engagement/disengagement of T cells (small,
irregular bodies shown moving across image frames) to
adherent spindle-shaped green U251T tumor cells. After
contact with the genetically modified T cells, the CD19*
U251T orange tumor cells were observed to round up and
implode whereas the CD19™ green U251T tumor cells did not
(Fig. 3C, panel i). Two movies (supplementary file video 1
and supplementary file video 2), representing killing events,
each over 4 hr of imaging, are available at www liebertonline
.com/hum for viewing (Fig. 3C, panel ii). These microscopy
data validate the CRA experiments and show that the PB-
modified CD19" T cells are redirected to specifically lyse
CD19" tumor cells.

Memory and effector phenotype of PB-modified
CAR™ T cells

It is recognized from human trials and experiments with
nonhuman primates and mice that adoptive transfer of
central memory (CM) T cells can lead to long-lived immune
response (Sallusto ef al., 1999; Berger et al., 2008; Rolle et al.,
2008). Therefore, flow cytometry was used to investigate the
detection of cell surface markers on T cells associated with
CM after PB transposition and propagation. We demon-
strated that numerically expanded PB-modified CAR™ T cells
expressed both CM markers (Sallusto et al., 1999; Ochsenbein
et al., 2004; Bachmann et al., 2005) and determinants of
the effector memory (EM) phenotype (Fig. 4A). Analysis of
CD45RO"CCR7* T cells (mostly CD4*CAR™ T cells) re-
vealed that 36% expressed CD62L, defining them as Tcm
phenotype (Fig. 4B), and that a further 62% of the Ty cells
were CAR". CD4" and CD8" T cells expressing CAR also
expressed CD27, CD28, and CD62L, which is also consistent
with preservation of the memory cell phenotype. These data
demonstrate that the combination of electrotransfer of the PB
system and aAPCs can be used to propagate populations of
CAR™ T cells with a phenotype predictive of long-term hu-
man engraftment.
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Killing of CD19" target cells (CD19-expressing human Burkitt’s lymphoma or Daudi cells, U251T CD19™ glioblastoma cells,
and U251T cells transfected to express truncated CD19) in a standard 4-hr CRA. Points represent mean specific lysis of
triplicate wells at two effector-to-target (E:T) cell ratios; error bars represent the SD. (C) VTLM to evaluate tumor killing by
PB-modified CAR™ T cells. (i) To distinguish GFPJrCD19+ from GFPTCD19~ U251T cells, the red fluorescent dye PHK-26 was
preloaded onto CD19" target cells, which resulted in cells appearing orange (a merging of GFP [green] with PHK [red]). The
CD19-negative and -positive targets mixed at a 1:1 ratio were plated overnight. PB-modified CAR" T cells were added to
these targets after overnight plating at an E:T ratio of 10:1. Cells were cocultured for 4 hr and imaged by VTLM. CD19" tumor
targets, which were engaged, disengaged, and killed by the T cells, imploded and lysed and are shown as greenish-yellow
irregular cells, whereas live CD19™ tumor targets remained flat and spread out (green). (ii) Two movies, one at low power
(movie 1) and one at high power (movie 2), show tumor cell killing by PB-modified CAR™ T cells. In each case the killing
events measured over 2 hr were condensed to 12-14 sec for visualization.

Lack of autonomous proliferation of T cells been electroporated with PB transposon and transposase
and had undergone 5 weeks of coculture with K562-aAPCs,
we could not detect the PB transposase gene (size, ~1750bp)
(Fig. 5B). These results indicate that the PB transposase was
not appreciably integrated into the genome of T cells ex-

pressing the CD19RCD28 CAR.

Gene transfer with the PB system may cause genotoxicity
and the potential for aberrant T-cell growth. Therefore we
cultured T cells in the absence/presence of K562-aAPCs and
cytokine (IL-2, 50U/mL) and demonstrated that the PB-
modified CD19-specific T cells survive and sustain prolifer-
ation only in the presence of K562-aAPCs and IL-2 (Fig. 5A).

Number of copies of integrated transposon

Lack of long-term expression of PB transposase

The continued presence of transposase in PB-modified T
cells may lead to genotoxicity. Therefore, we undertook ge-
nomic PCR analysis to evaluate for the continued presence of
the codon-optimized PB transposase. Using T cells that had

by fluorescence in situ hybridization

Fluorescence in situ hybridization (FISH) was performed to
assess the copy number of the integrated CAR transgene after
electrotransfer of the PB system and numeric expansion of T
cells for 4 weeks on K562-aAPCs. The PB-modified CAR" T
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FIG. 4. Characterization of CAR" T cells on PBMCs after electrotransfer of PB vectors. (A) Inmunophenotype of memory cell
markers (CD27, CD28, CD62L, and CCR7) on PB-modified T cells generated after 4 weeks of coculture on aAPCs. Histograms
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population. T cells expressing the memory cell markers were analyzed for coexpression of CAR and CD4 or CD8. (B) The central
memory phenotype (Tcnm) of T cells generated after coculture. CD45RO and CCR7 double-positive T cells were analyzed for the
expression of CD62L. In addition, Tcy cells, defined as CD4A5ROTCCR7 CD62L", were analyzed for coexpression of CAR.

cells were observed to carry only one copy of the CD19RCD28
transgene per cell (Fig. 5C). These results are comparable
to those observed with CAR™ T cells modified with the SB
transposon/transposase system (our unpublished data).

Karyotype of genetically modified T cells

The overall integrity of the chromosome structure was
evaluated as a measure of global genotoxicity associated
with undesired and continued transposition. Giemsa-banding
analysis of the PB-transfected T cells showed a normal male
karyotype, 46 XY, with no apparent significant numerical or
structural chromosome alterations (Fig. 5D). These data
support the premise that PB transposition in human T cells is
not associated with major translocations and chromosomal
aberrations, although the possibility of chromosomal
damage below the limit of detection of this technique cannot
be excluded.

Discussion

To obtain preclinical data for nonviral gene transfer by PB
transposon/transposase system in gene therapy trials we

genetically modified primary human T cells with a codon-
optimized CD19-specific second-generation CAR. Our data
demonstrate for the first time that the PB system can be
electrotransferred into human T cells to express a desired
CAR. The efficient integration efficiency of PB was confirmed
by the stable expression of CD19-specific CAR within 3
weeks of coculture on K562-aAPCs and IL-2 of human T cells
coelectroporated with pPB-CAR (transposon) and pCMV-
hpB (transposase), compared with cells electroporated with
transposon alone. In the present study, we observed that the
majority of CAR™ T cells were CD4™, raising a concern about
their ability to participate in an antitumor response in vivo.
However, published results indicate that in addition to a
“helper” role, adoptively transferred CD4" T cells can also
eliminate cancer cells in vivo in the absence of CD8" T cells
(Mumberg et al., 1999; Lundin et al., 2003; Corthay et al., 2005;
Liu et al., 2008).

Electrotransfer with PB plasmids and subsequent CAR-
mediated propagation on aAPCs supported proliferation of
memory T cells, in particular Ty and Ty with associated
desired phenotypes, as subsets of the CAR" T cells main-
tained expression of CD27, CD28, CD45RO, CD62L, and
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FIG. 5. Lack of autonomous proliferation after electrotransfer with PB vectors and safety issues. (A) T-cell proliferation
analyses directly imaged with a Cellometer in the absence/presence of K562-aAPCs and IL-2. Data show primarily dead T
cells (shriveled) when K562-aAPCs and IL-2 are removed compared with healthy (refractile, rounded) T cells when K562-
aAPCs and IL-2 are present. (B) Lack of integration of PB transposase by genomic PCR from genetically modified and
propagated peripheral blood-derived T cells. DNA was isolated from T cells after mock electroporation (lanes 2 and 4, 50 and
100 ng of genomic DNA, respectively), from T cells 28 days after electroporation with the two-plasmid PB system (lanes 3 and
5, 50 and 100ng of genomic DNA, respectively). Lane 1, pPCMV-hpB plasmid DNA (1ng) loaded as a positive control. PCR
was carried out with transposase-specific primers and GAPDH-specific primers in the same reaction. (C) Fluorescence in situ
hybridization (FISH) analysis of PB-modified CAR" T cells. Number of copies of the CD19RCD28 transgene integrated on
electroporation with PB vectors and propagation on CD19-specific K562-derived aAPCs was determined by FISH analysis as
described in Materials and Methods. Data shown are a representation after analyzing 40-50 individual metaphase spreads.
Twenty-three pairs of chromosomes are shown and the arrow indicates the integration sites. (D) Idiogram of a Giemsa-
banded karyotype of PB-modified T cells, showing no apparent numerical or structural chromosome alterations.

CCR7. These data have implications for improved in vivo
efficacy as antigen-specific Tcp cell subsets are associated
with long-term persistence after adoptive transfer in ma-
caques (Berger ef al., 2008). It is not currently known whether
adoptive transfer of CAR" T cells enriched for Tcy will
provide superior protective immunity against human cancer.

There are at least two potential advantages for electro-
transfer of the PB transposon system compared with virus-
mediated transduction for generation of T cells for clinical
application. One study found that the PB system had de-
creased integration frequency into or within 50kb of the
transcriptional start sites of known proto-oncogenes in
comparison with what has been reported for gammaretroviral

and human lentiviral vectors (Galvan ef al., 2009). In addition,
nonviral therapies using DNA are less expensive to produce
and thus may be more widely applicable for gene transfer
compared with the use of clinical-grade recombinant viruses.
However, there are trade-offs to electrotransfer of plasmids
compared with transduction, such as potentially reduced in-
tegration frequency.

There is also a choice of which transposon/transposase
system to use for genetic modification of therapeutic T cells. It
has been shown that an engineered PB transposon with min-
imal length 5’ and 3’ terminal repeats exhibited greater trans-
position activity in transfected cultured human cells compared
with an SB system (Wilson et al., 2007) and creation of hyper-
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active PB transposase elements may further increase integra-
tion efficiency. The ability of PB to transpose large cassettes
efficiently could be exploited in gene therapy trials in which
expression of a large transgene, or coexpression of more than
one therapeutic transgene, is necessary. The PB transposase
might also be amenable to modification to improve targeted
integration events, for it has been shown that PB transposase
coupled to the GAL4 DNA-binding domain retains transpo-
sition activity whereas similarly manipulated transposases of
Tol2 and SB11 were inactive (Wu et al., 2006). To improve the
utility of a PB-derived transposase to recognize human se-
quences, the transposase may be modified to achieve targeted
integration, such as by addition of a zinc finger DNA-binding
domain (Maragathavally ef al., 2006; Wu et al., 2006; Cadina-
nos and Bradley, 2007; Wilson et al., 2007). Regulation of PB
activity by an inducible PB system may further provide safety
in clinical trials (Cadinanos and Bradley, 2007).

There are also potential obstacles in using the PB
transposon/transposase system for therapeutic gene transfer.
Any integrating element carries with it the potential risk of
genotoxicity. Like some other transposable elements, there
are domesticated PB-like elements within the human genome
(Sarkar et al., 2003; Newman et al., 2008). Although the pro-
tein and DNA sequences of these elements are different from
those of the PB system used in this study, how these ele-
ments may affect PB activity or how PB may alter these ele-
ments within the human genome will need to be addressed
regarding clinical utility. Our initial results in addressing the
safety of the PB system for genetic modification of T cells for
cancer therapy showed (1) no evidence of unwanted auton-
omous proliferation after gene transfer; (2) no expression of
the PB transposase after propagation on aAPCs, which will
limit potential ongoing transposition due to the continued
presence of PB transposase; and (3) a normal karyotype after
PB transposition. Ultimately, a suicide gene could be used in
combination with the therapeutic gene(s) of interest in PB
applications for conditional removal of cells that underwent
gene transfer in vivo.

The simplicity of our gene therapy approach, namely,
electroporating T cells with two DNA plasmids and selectively
expanding CAR™ T cells, including Tcy, on y-irradiated
K562 aAPCs, lends impetus to the development of clinical-
grade CAR™ T cells using the PB system for application in
human immunotherapy trials.
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