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Abstract
The piggyBac transposon system is a promising nonviral method to genetically modifiy T cells for
immunotherapeutic applications. To evaluate the regulation and stability of transgene expression
in human T cells modified with piggyBac transposons, peripheral blood mononuclear cells
(PBMCs) were nucleofected with transposase and an eGFP-expressing transposon. Single cell
clones that were subsequently stimulated and expanded exhibited homogeneous eGFP expression
for >26 weeks in culture. CD3 stimulation of the T cell receptor together with CD28-mediated
costimulation resulted in an approximate ten-fold transient increase in eGFP expression, but
immunomodulatory cytokines, including interferon-γ, interleukin-12, interleukin-4, and
transforming growth factor-β, did not alter transgene expression in actively dividing, activated, or
resting T cells. Epigenetic modification with 5-azacytidine or Trichostatin-A increased transgene
expression indicating that piggyBac-mediated transgene expression could be modulated by
methylation or histone acetylation, respectively. We performed transposon copy number analysis
of populations of stably transfected T cells, comparing transposon plasmids of 5.6kb and 3.5kb.
The smaller vector achieved an average of 22 transposon copies per cell whereas the larger vector
achieved 1.6 copies per cell, implying that transposon copy number can be engineered to be low or
high depending on the vector employed. Our results provide important insight into the ability of
piggyBac to achieve stable genetic modification of T cells for immunotherapy applications as well
as how transgene expression might be regulated by TCR activation, cytokines, and epigenetic
mechanisms.
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INTRODUCTION
Transposon systems are an emerging non-viral methodology for stable genetic modification
of human cells for therapeutic applications. Human T lymphocytes are a promising cell
population for adoptive immunotherapies, but their ultimate success may depend on genetic
modification to ensure their ability to recognize tumor cells and to function in the
immunosuppressive tumor environment. Sleeping Beauty was the first transposon system
used for modification of human T lymphocytes and produced stable expression first of
reporter genes1 and subsequently with chimeric antigen receptors (CARs), demonstrating
targeted killing of cancer cells in vitro and in animal models.2,3 Recently, the Sleeping
Beauty system has been approved for a human clinical trial involving immunotherapy for
CD19 positive malignancies.4

PiggyBac is a highly active transposon derived from the cabbage looper moth,5,6 that can
also provide sustained transgene expression in up to ~40% of human T lymphocytes without
selection, enabling several logs of expansion of primary transgenic T-cells in culture, and
after magnetic bead-selection for a transgenic surface marker (truncated CD19) up to 85% of
transduced T-cells could be obtained and maintained for over 9 weeks.7 Thus far, piggyBac
has been used to gene-modify human T cells with reporter genes,7 a non-immunogenic
suicide gene,7 a chimeric antigen receptor for CD198 or HER2,9 and a large rapamycin-
resistant mTor molecule.10 Gene modified cells have shown directed tumor cell killing both
in vitro and in vivo.8,9 Outside of the realm of adoptive immunotherapy, piggyBac has been
used to move large transgenes,11 simultaneously co-deliver multiple (i.e. more than 5)
transgenes,12 and to achieve inducible transgene expression both in cultured cells and in
vivo.13,14 More recently, piggyBac has been manipulated to achieve site-directed integration
in human cells.15,16

These findings suggest that the piggyBac transposon system represents an effective and
adaptable tool for genetic modification of T cells for cancer immunotherapy, particularly
because of its capacity for large or multiple transgenes. However, little information is known
about the long-term stability of expression and regulation of transgenes in piggyBac-
transgenic T-cells. Post-integrative genome silencing of transgene expression has been
observed when using Sleeping Beauty in human cells, although this silencing could be
partially reversed using inhibitors of DNA methylation and histone deacetylation.17

The advance of the piggyBac transposon system into clinical use requires further
characterization of piggyBac-modified T cells. We therefore studied long-term regulation of
transgene expression in piggyBac-modified human T-cell clones. We also evaluated whether
transgene expression is influenced by immunomodulatory cytokines that T cells may
encounter in vivo. As the expression of transgenes could be affected by epigenetic
modification, we evaluated the expression of piggyBac transgenes in T cells in the presence
of 5-aza-2′-deoxycytidine and trichostatin A, agents that are increasingly used as
components of cancer therapy. We also determined the average transposon copy number per
cell using transposon vectors of varying size.

MATERIALS AND METHODS
Plasmid construction

The pCMV-piggyBac (transposase) and pIRII-eGFP (transposon) plasmids have been
described previously.7,18 pIRII-eGFP encodes an internal ribosome entry site (IRES)
followed by the enhanced green fluorescence protein (eGFP). Both vectors are
transcriptionally regulated by the cytomegalovirus immediate early gene enhancer/promoter
sequence (CMV). pT-CMV-eGFP was constructed by PCR cloning a CMV-eGFP fragment
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into a transposon vector engineered to contain the piggyBac IR elements with the backbone
from pCpGfree-MCS (Invivogen, San Diego, CA). Plasmid constructs were confirmed by
restriction digestion and DNA sequencing.

Blood donors and cell lines
Peripheral blood mononuclear cells (PBMC) from healthy volunteers were obtained with
informed consent from the Baylor College of Medicine Institutional Review Board. To
generate activated T-cells (ATC), PBMC were cultured in complete T-cell medium (TCM)
[Advanced RPMI (Gibco-BRL, Gaithersburg, MD) supplemented with 2 mM L-glutamine
(GlutaMAX-I, Invitrogen, Carlsbad, CA) and 5% heat-inactivated fetal bovine serum (FBS)]
in the presence of recombinant human interleukin (IL)-15 at 5 ng/mL. Artificial K562 cells
(aK562, a gift from Carl June, University of Pennsylvania), engineered to express CD80,
CD86, CD83 and 4-1BBL,19 were maintained in RPMI 1640 (Gibco-BRL, Gaithersburg,
MD) supplemented with 10% FBS and 2mM L-glutamine after irradiation at 80 Gy and
were used as feeder cells to expand gene-modified T-cells.

Gene transfer into PBMC
We previously reported an efficient gene-transfer method into human primary T-cells using
piggyBac-transposons.7 In this study, the same method was used with minor modifications.
Briefly, bulk PBMC (>5 × 106) were maintained in TCM with the recombinant human IL-15
(5 ng/mL) (Proleukin; Chiron, Emeryville, CA) 20 – 24 hr before nucleofection. Five
million IL-15-treated PBMC were mixed with 5 μg of pIRII-eGFP and 5 μg of pCMV-
piggyBac and then nucleofected using the Nucleofector Device (program U-014) in
combination with the Human T-cell Nucleofector Kit according to the manufacturer (Lonza,
Basel, Switzerland). The nucleofected PBMC were maintained in TCM with IL-15 (5 ng/
mL) for 48 hr.

Generation of T-cell clones from piggyBac-modified T-cells
Two days after nucleofection, bulk eGFP-nucleofected cells were stained with phycoerythrin
(PE)-conjugated anti-CD28 monoclonal antibody (Becton Dickinson), and ~500 cells which
showed positivity for both GFP and CD28 were singly sorted into each well of five 96 well
U-bottomed plates using BD Cell-Sorting system (Becton Dickinson, Franklin Lakes, NJ).
Immediately, each cell was co-cultured with 1,000 irradiated (100 Gy) aK562 cells (see
above), in the presence of OKT3 (50 ng/mL) (Ortho Biotech, Bridgewater, NJ) and IL-15 (5
ng/mL) in 0.2 mL TCM. IL-15 (5 ng/mL) was added to the cultures once a week. After 2
weeks, growing clones were transferred into 1 mL of TCM with IL-15 (5 ng/mL) per well of
a 48-well plate. Three weeks after sorting, well-growing clones (>70% confluent in the 48-
well plate) were transferred to a 12 well plate and co-cultured with 0.5 × 106 aK562 cells,
OKT3 and IL-15 in 4 mL of TCM with for 3 additional weeks. At this time and every 3
weeks thereafter, 1 × 106 cells of each clone were restimulated with OKT3 in the presence
of aK562 cells and IL-15 in a 12-well plate and supplemented with IL-15 twice weekly.
Transgene expression was analyzed by flow cytometry just before restimulation with OKT3
and aK562 cells (i.e. every 3 weeks).

Activation of T-cell clones
Of the generated clones, 5 representative clones were used for further experiments between
9 and 15 weeks of culture. At the end of a three week stimulation period, 0.5 × 106 cells of
each clone were activated on a non-tissue culture-treated 24-well plate coated with OKT3 (1
μg/mL) and anti-human CD28 monoclonal antibody (1 μg/mL) (Becton Dickinson) in TCM
with IL-15 (5 ng/mL) for 4 days, and then transferred into tissue-culture treated 24-well
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plates. IL-15 was added to the culture twice a week. The activated clones were analyzed for
GFP expression at the indicated time points.

Analysis of transgene expression after activation via T-cell receptor
To investigate influence of T-cell receptor (TCR) signaling on transgene expression, we
analyzed GFP expression in 5 clones activated on anti-CD3/CD28 antibody coated plates at
the indicated time points. On day 12 after activation, 0.5 × 106 cells of each activated clone
were re-activated on anti-CD3/CD28 antibody coated plates for 4 days and thereafter
analyzed for GFP expression at the same time points.

Analysis of influence of cytokine on transgene expression
To investigate how immunomodulatory cytokines affect transgene regulation, we activated 5
clones on anti-CD3/CD28 antibody coated plates and added cytokines (interferon-gamma
(IFN-γ) (10 ng/mL), IL-12 (10 ngmL), IL-4 (1,000 IU/mL) or transforming growth factor-
beta (TGF-β) (5 ng/mL) on day + 1 “actively dividing”, day + 5 “activated”, and day + 21
“resting”. Four days after treatment the clones were analyzed for GFP expression using flow
cytometry.

Epigenetic analysis
To investigate the potential for epigenetic regulation of the transgene, we used the
methyltransferase inhibitor, 5-aza-2′-deoxycytidine (5-AzaC) (Sigma-Aldrich, St. Louis,
MO) and the histone deacetylase inhibitor, trichostatin A (TSA) (Sigma-Aldrich) for T cell
treatment. To analyze the affects of demethylation, five T-cell clones were activated on anti-
CD3/CD28 antibody coated plates and simultaneously treated with 5-AzaC-containing at the
indicated concentration. Two days later, they received a half medium change with fresh
drug. Four days after the treatment, GFP expression was analyzed. To determine the affects
of histone deacetylation, we activated 5 clones on anti-CD3/CD28 antibody coated plates for
4 days, and then transferred the activated clones into IL-15-TCM in a tissue-culture treated
plate. Two days later, we added the indicated concentration and further cultured for 24 hours
before GFP expression analysis.

Flow cytometry
We analyzed GFP-nucleofected T cell clones for GFP expression at the indicated time points
using a FACSCalibur with Cell Quest software (Becton Dickinson). Five weeks after
nucleofection, we also determined CD3, CD4 and/or CD8 expression using phycoerythrin
(PE)-conjugated CD4, allophycocyanin (APC)-conjugated CD8, peridinin chlorophyll
protein (PerCP)-conjugated CD3 MAbs (Becton Dickinson).

Determination of transposon copy number in transgenic T-cells
PBMCs were nucleofected with 5 μg each PB-transposon plasmid (either pIRII-eGFP
(5.6kb) or pT-CMV-eGFP (3.5kb)) and PB-transposase plasmid as described above. After
transfection, PBMCs were stimulated on nontissue culture-treated 24-well plates coated with
anti-CD3/CD28 antibodies in the presence of recombinant human IL-15 (5 ng/mL). After 3
days of stimulation, activated T cells were transferred to tissue culture-treated 24-well plates
in T-cell media supplemented with IL-15 (5 ng/mL). On day 7, GFP+ cells were sorted on a
FACS AriaII cell sorter (BD Biosciences, CA) and cultured in CTL media supplemented
with IL-15 (5 ng/mL) and 1X Pen-Strep for 14 days after which cells were harvested for
genomic DNA extraction. qPCR was performed using 1XiQ SYBR green master mix from
Biorad (Hercules, CA). To measure the average number of piggyBac transposons integrated,
we utilized a set of primers directed at the eGFP reporter gene: q-eGFP-F
(AGAACGGCATCAAGGTGAAC) and q-eGFP-R (TGCTCAGGTAGTGGTTGTCG).
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Standard curves were generated with serial dilutions of the respective transposon plasmids
resulting in a known copy number. In order to compare between samples, all samples were
normalized to the number of genomic RNaseP copies to achieve copies query/copies
RNaseP. RNaseP was chosen for normalization as it is known to be present at 2 copies/
genome in human cells. A standard curve for RNaseP was generated via serial dilution of a
plasmid containing the genomic RNaseP sequence using primers RPF
(AGATTTGGACCTGCGAGCG) and RPR (GAGCGGCTGTCTCCACAAGT), permitting
analysis of the genomic copy number of RNaseP for each cellular DNA sample assuming
6.6 pg of DNA per cellular genome.

RESULTS
Generation of piggyBac-modified T cell clones

To investigate the regulation of piggyBac-inserted transgenes and their expression in T cells,
we evaluated T-cell clones derived from PB-GFP-transfected, CD3/28-activated PBMCs
from healthy donors. T-cell clones sorted for GFP expression were stimulated with OKT3
and aK562 cells every 3 weeks and analyzed for GFP expression. Seventeen clones
expressed GFP (>99% positive) with three clones having low expression (mean fluorescence
intensity [MFI] between 10 and 100), thirteen clones having medium expression (MFI
between 100 and 1000), and two clones having high expression (MFI between 1,000 and
10,000). The average MFI of all clones was 473.5 with a range of 35.5 to 2211.7. Two
clones did not express GFP (MFI <10). We evaluated all 17 GFP-positive clones for CD3,
CD4 and CD8 expression. Twelve clones expressed CD3 and CD4, and four expressed CD3
and CD8. Over time, we obtained 8 long-lived CD4+ T cell clones while the CD8+ T cell
clones did not survive past 6 weeks. All 8 of the long-lived clones expressed GFP
homogeneously in >99% of cells (Figure 1).

Stable and long-term expression of piggyBac-transgenes
Long-term, stable expression of therapeutic genes is required for a majority of gene-
modified T cell based immunotherapies. We previously found that piggyBac-modified
human T cells could stably express dual transgenes for up to 9 weeks.7 To further
investigate the stability and long-term transgene expression in piggyBac-modified human T
cells, we cultured GFP-expressing T cell clones for up to 6 months. We found that all 8
clones continued to express GFP without significant decrease in intensity for at least 26
weeks in vitro (Figure 2). These results support and extend our previous finding that PB
could mediate long-term sustained transgene expression in primary human T cells.

T cell receptor stimulation increased expression of piggyBac-transgenes
Stimulatory signals via the T cell receptor (TCR) and costimulatory receptors are critical for
survival, expansion, and tumor-directed killing in vivo after adoptive transfer of T cells. To
determine if TCR stimulation affected piggyBac-transgene expression, we measured the
GFP expression, based on mean fluorescence index (MFI), in 5 T cell clones after
stimulation with CD3 and CD28 monoclonal antibodies. On day 2 after stimulation, all 5
clones showed an increase in GFP expression (mean: 8.5 fold; range: 2.8 to 21.2 fold)
compared to baseline GFP levels. However, the level of GFP returned to baseline by day 12,
from which time, expression remained stable (Figure 3). To determine whether the transient
increase in GFP expression occured after each TCR stimulation, we repeated the OKT3/
CD28 stimulation of clones on day 12 when GFP levels had returned to baseline.
Interestingly, all 5 clones showed an increase in GFP similar to that observed after the first
stimulation. GFP expression on day 14 was 9.8 fold (range 3.2 to 19.8 fold) higher than that
before re-stimulation on day 12 (Figure 3). These results indicate that piggyBac-modified T
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cells reversibly and reproducibly increase transgene expression in response to TCR
stimulation and costimulation.

Immunomodulatory cytokines do not affect transgene expression in piggyBac-modified
human T cells

Adoptively transferred T cells for cancer immunotherapy are exposed to various
immunomodulatory cytokines in vivo. Interferon (IFN)-γ is secreted by Th1 cells, CTLs,
and natural killer cells thereby activating antigen presenting cells (APC) and
phagocytes.20,21 IL-12 is secreted by APCs and stimulates Th1 cells.21,22 IL-4 is secreted by
APCs and Th2 cells and stimulates Th2 cells.21 Transforming growth factor (TGF)-β is
often produced in the tumor micro-environment and inhibits T-cell growth, activation, and
cytotoxic function.23 Importantly, IFN-γ was reported to down- regulate expression of
retroviral transgenes driven from the CMV promoter.24 If these cytokines negatively
modulate piggyBac transgene expression, the clinical efficacy of immunotherapy might be
dampened. Therefore, to elucidate whether these immunomodulatory cytokines regulate
transgene expression in the T cell clones, we examined GFP expression in the presence of
IFN-γ, IL-12, IL-4 or TGF-β. Because we have shown transgene expression is modulated
by TCR stimulation (Figure 3), we studied 5 clones at 3 different times after OKT3/CD28-
stimulation, at which we considered them to be actively dividing, activated, or resting. We
found that IFN-γ, IL-4 and IL-12 did not affect transgene expression regardless of the
activation state of the T cells, while TGF-β minimally inhibited the increase in transgene
expression post-stimulation but only when added during the “actively dividing” phase
(Figure 4). The inhibitory effect of TGF-β on transgene expression might be due to the
decreased activation of clones treated with TGF-β, which proliferated poorly (data not
shown). These results suggest that piggyBac-transgene expression is minimally influenced
by immune stimulatory or inhibitory cytokines.

PiggyBac-transgenes are partially regulated by epigenetic mechanisms
The epigenetic control of transgene expression seems to be associated with post-integrative
silencing of transgenes,25,26 which could limit the use of piggyBac to modify primary
human T cells for long-term immunotherapy. Currently, there is no information on
epigenetic regulation of piggyBac integrated transgenes. Therefore, we analyzed GFP
expression in clones treated with a methylation inhibitor, deoxymethyltransferase (5-AzaC),
or a histone deacetylation inhibitor, trichostatin A (TSA). We found a dose-dependent
increase in GFP expression in response to 5- AzaC (fold increase relative to untreated: 4.3 ±
2.7 at 0.5 μM; 6.1 ± 3.6 at 1 μM; 8.4 ± 5.4 at 5 μM) (Figure 5A), and to a lesser extent with
TSA (fold increase relative to untreated: 3.1 ± 1.4 at 0.5 μM, 3.5 ± 1.9 at 1 μM, 3.2 ± 1.6 at
5 μM) (Figure 5B). Therefore, although piggyBac achieves stable long-term gene
expression, the transgenes in piggyBac-modified primary human T cells may be regulated,
in part, by epigenetic mechanisms.

piggyBac transposon copy number analysis in stably transfected human T cells
To determine the transposon copy number in piggyBac-modified T cells, we transfected
human PBMCs with transposase and a transposon expressing eGFP. We used transposons of
two different sizes, pIRII-eGFP (5593bp in size) and pT-CMV-eGFP (3450bp in size).
Because polyclonal populations of transfected T-cells rather than T cell clones would likely
be used in clinical trials, we reasoned that determining copy number in a population of cells
would be more clinically relevant than analysis of clones. Therefore, after 2 weeks of
expansion in culture, transfected cells were sorted to isolate the population stably expressing
eGFP, and we used this sorted 100% eGFP population to determine the number of piggyBac
transposon integrations per cell. Copy number analysis revealed 1.6 ± 0.18 (n = 3, ± SD)
transposon integrations per cell using pIRII-eGFP (MFI 201) and 22.62 ± 3.97 (n = 3, ± SD)
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copies per cell using the smaller transposon vector, pT-CMV-eGFP (MFI 14,074) (Figure
S1). We have previously demonstrated that copy number can be titrated via altering the
transposon-to-transposase ratio DNA amounts of each transfected.27 These current results
also suggest that copy number can be increased when using a smaller transposon plasmid
vector while transfecting the same microgram amount of DNA.

DISCUSSION
In the current study, we observed stable transgene expression for more than 6 months in
piggyBac-modified human T lymphocytes in culture. Transgene expression could be
increased following TCR activation and costimulation, followed by a return to previous
stable baseline levels. Transgene expression appeared to be unaffected by cytokines such as
IFN-γ, IL-4, IL-12, and TGF-β known to regulate T cells in vivo, but could be increased by
treatment with 5-azaC or trichostatin-A. Therefore, although transgene expression remained
stable for >6 months ex vivo, epigenetic mechanisms at least partially regulate transgene
expression. Finally, the number of transposons that integrated varied with transposon
plasmid size. Our results support the utility of the piggyBac transposon system to genetically
modify T lymphocytes for human clinical adoptive transfer immunotherapy or gene therapy
applications.

The long-term stability of transgene expression is encouraging for therapies that depend on
prolonged gene expression. For example, when T cells are used for tumor therapy, it is
important that transgene expression is stable until the tumor is eliminated and that T cells
can be reactivated when tumors recur. The increase in transgene expression in response to
TCR activation should also be of benefit when immunotherapeutic genes are expressed. Our
previous study indicated that piggyBac had a preference for integrating into or near genes
highly expressed during T cell activation,28 which may in part explain the observed increase
in transgene expression following T cell reactivation.

Adoptively-transferred, genetically-modified T cells encounter both immune stimulatory and
suppressive signals in tumor microenvironments. We found that transgene expression in
piggyBac- modified T cells was minimally affected by IFN-γ, IL-4, IL-12 or TGFβ.
Therefore, the ability of engineered T cells to express a specific transgene(s) to improve
immunotherapy should not be affected by these cytokines in a tumor microenvironment.
However, immunomodulatory cytokines can still affect T cell function in general as
evidenced by the poor proliferation of T cell clones in the presence of TGF-β (data not
shown).

Although transgene expression was stable for more than 6 months in T-cell clones,
transgene expression was increased when T cells were treated with agents known to interfere
with epigenetic regulatory mechanisms. Both 5-azaC and trichostatin-A treated T-cell clones
showed increases in transgene expression. This could be a result of multiple transposon
integrations in cells where some integrations are silenced and some are not. Treatment with
these agents could increase gene expression by “re-activating” gene expression from the
silenced integrations. It is also possible that treatment of the cells with these agents could
affect transgene expression from unsilenced genes by global genomic affects in the cells.
Both demethylating agents and HDAC inhibitors have been used as a chemotherapuetic
agents.29–31 Thus, in a combined chemotherapy/immunotherapy setting, 5-azaC and/or TSA
could increase transgene expression in gene-modified T cells improving function while also
having an underlying chemotherapeutic affect on cancer cells.

Transposon copy number is an important consideration in evaluating their use for clinical
application. This study implies that copy number can be varied by using smaller transposon
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plasmids while transfecting the same amount of plasmid DNA. Copy number can also be
varied by altering transposon and transposase DNA amounts and the ratio of the two.27

Therefore, depending on the application, piggyBac could be used to integrate one or more
transgenes for a variety of potential clinical applications.

Thus, piggyBac demonstrates characteristics in T cells that could be exploited to fill the gaps
in current gene therapy and immunotherapy applications. It is non-viral and presumably less
immunogenic than viral vectors. It is capable of achieving long-term stable transgene
expression, which is resistant to immunomodulatory cytokines. In addition, piggyBac is
capable of delivering large transgenes, such as a 14 kb rapamycine-resistant mTor10 or
multiple genes to simultaneously target multiple pathways.12 Inducible expression systems13

could be used to turn genes on or off specifically at tumor sites, and although piggyBac has
been used to deliver reporter genes and chimeric antigen receptors to T cells thus far,7–9

many more therapeutic transgene possibilities exist.

The current study further supports the use of the piggyBac transposon system for genetic
modification of human T lymphocytes for clinical applications. Transgene expression is
stable, minimally affected by immunomodulatory cytokines, and can be increased in the
setting of T cell activation, and epigenetic mechanisms regulating transgene expression
could be exploited in chemotherapuetic strategies.
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FIGURE 1. Generation of piggyBac-modified T-cell clones
5 × 106 IL-15-treated peripheral blood mononuclear cells (PBMCs) from a healthy donor
were nucleofected with pIRII-eGFP (5 μg) and pCMV-piggyBac (5 μg). Two days later, the
nucleofected cells were stained with anti-CD28 antibody, and then ~500 cells of dual GFP-
and CD28-positive cells were single-sorted into five 96-well plates. Each cell was stimulated
with OKT3 and co-cultured with aK562 cells in the presence of IL-15 for 3 weeks. Well-
growing clones were repeatedly stimulated with OKT3 in the presence of aK562 cells in the
presence of IL-15 every 3 weeks after nucleofection. GFP expression was determined by
flow cytometry at 12 weeks after eGFP-gene transfer. The percentage of GFP expression
and mean fluorescence intensity (MFI) are indicated in each clone.

Nakazawa et al. Page 11

J Immunother. Author manuscript; available in PMC 2014 January 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



FIGURE 2. Stable and long-term expression of piggyBac-transgenes
T-cell clones were stimulated with OKT3 and co-cultured with aK562 cells at a ratio of 2:1
in IL-15-containing media 3 weeks after transfection, and every 3 weeks thereafter until 24
weeks after transfection. GFP expression was determined by flow cytometry just before each
stimulation (i.e. every 3 weeks). The percentage of GFP expression and mean fluorescence
intensity (MFI) for each is indicated.
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FIGURE 3. T cell receptor stimulation increased expression of piggyBac-transgenes
Five representative clones were stimulated in OKT3/CD28 mAb-coated wells for 4 days and
then cultured for 35 days. Activated clones were analyzed for GFP expression at the
indicated time points (continuous line). On day 12 after activation, a small portion of each
activated clone was reactivated with an OKT3/CD28 mAbs-coated plate for 4 days and
thereafter analyzed for GFP expression as the same time points (dashed line).
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FIGURE 4. Immunomodulatory cytokines do not affect transgene expression in piggyBac-
transposed human T cells
Five representative clones (C1, C2, C3, C8, and C19) were stimulated on anti-CD3/CD28
antibody coated plates for 4 days and then cultured for 35 days. Stimulated clones were
classified into 3 different groups based on the activation state such as “actively dividing”,
“activated”, and “resting”. Those in “actively dividing” received cytokines on day 1,
“activated” received cytokines on day 5, and “resting” received cytokines on day 21. Clones
were treated with interferon-gamma (IFN-γ) (10 ng/mL), IL-12 (10 ngmL), IL-4 (1,000 IU/
mL) or transforming growth factor-beta (TGF-β) (5 ng/mL) for 4 days. Four days after the
treatment, the clones were analyzed for GFP expression by flow cytometry.
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FIGURE 5. PiggyBac-transgenes are partially regulated by epigenetic mechanisms
For epigenetic analysis, two agents were used. (A) For methylation analysis, 5 representative
clones were stimulated with OKT3/CD28 mAbs, in the presence of the methyltransferase
inhibitor, 5-aza-2′-deoxycytidine (5-AzaC) at the indicated concentration. Four days after
treatment, clones were analyzed for GFP expression by flow cytometry. (B) For histone
deacetylation analysis, 5 representative clones were stimulated on OKT3/28 mAb-coated
plates for 4 days. Six days after treatment, the histone deacetylase inhibitor, trichostatin A
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(TSA) was added into the cultures at the indicated concentration. Twenty-four hours after
treatment, TSA-treated clones were analyzed for GFP expression by flow cytometry.
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