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Abstract
Adoptive transfer of gene modified T cells provides possible immunotherapy for patients

with cancers refractory to other treatments. We have previously used the non-viral piggyBac
transposon system to gene modify human T cells for potential immunotherapy. However,

these previous studies utilized adoptive transfer of modified human T cells to target cancer

xenografts in highly immunodeficient (NOD-SCID) mice that do not recapitulate an intact

immune system. Currently, only viral vectors have shown efficacy in permanently gene-

modifying mouse T cells for immunotherapy applications. Therefore, we sought to deter-

mine if piggyBac could effectively gene modify mouse T cells to target cancer cells in a

mouse cancer model. We first demonstrated that we could gene modify cells to express

murine interleukin-12 (p35/p40 mIL-12), a transgene with proven efficacy in melanoma

immunotherapy. The OT-I melanoma mouse model provides a well-established T cell medi-

ated immune response to ovalbumin (OVA) positive B16 melanoma cells. B16/OVA mela-

noma cells were implanted in wild type C57Bl6 mice. Mouse splenocytes were isolated from

C57Bl6 OT-I mice and were gene modified using piggyBac to express luciferase. Adoptive

transfer of luciferase-modified OT-I splenocytes demonstrated homing to B16/OVA mela-

noma tumors in vivo. We next gene-modified OT-I cells to express mIL-12. Adoptive transfer

of mIL-12-modified mouse OT-I splenocytes delayed B16/OVA melanoma tumor growth in
vivo compared to control OT-I splenocytes and improved mouse survival. Our results dem-

onstrate that the piggyBac transposon system can be used to gene modify splenocytes and

mouse T cells for evaluating adoptive immunotherapy strategies in immunocompetent

mouse tumor models that may more directly mimic immunotherapy applications in humans.
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Introduction
Adoptive transfer of gene modified T cells has been used successfully for immunotherapy of
cancer in humans [1, 2]. Viral vectors, most commonly retroviruses, have been used to gene
modify T cells for adoptive immunotherapy [3]. Non-viral transposons provide an alternative
methodology for permanent genetic modification of human T lymphocytes. The Sleeping
Beauty transposon system is currently approved for a clinical trial targeting CD-19 positive B
cell malignancies [4–6]. Transposons have several advantages over viral vectors as they are rela-
tively inexpensive, enabling more nimble evaluation of different modifying constructs, and have
a larger capacity than retro- or lentiviral vectors which may promote more widespread use [7].

The piggyBac transposon system has also been evaluated for immunotherapy applications.
piggyBac has a few advantages including high activity [8, 9], large cargo capacity [10], the abil-
ity to co-deliver multiple genes [11], and excision without genome mutation [12, 13]. We have
demonstrated efficient long-term gene-modification of human T lymphocytes [14]. piggyBac-
modified human T cells have demonstrated anti-tumor activity against tumor cells in vitro [15,
16] and against tumor xenografts in NOD-SCID mice in vivo [17].

The most common approach for pre-clinical in vivo testing of anti-tumor activity of adop-
tively transferred human T cells involves tumor xenograft implantation in highly immunode-
ficient mice. These models have the advantage of testing the ability of human T cells to target
and kill cancer xenograft cells in vivo in an animal model. However, a major disadvantage is
the lack of an immune system that can better mimic the true setting of a cancer patient. This is
particularly relevant when testing constructs developed to counteract immune evasion strate-
gies. Adoptive transfer of gene-modified murine T cells may provide important insights when
they are adoptively transferred into syngeneic immunocompetent animals. Murine T cells are
amenable to transfection with DNA plasmids [18]. Cut-and-paste DNA transposons offer per-
manent integration of delivered DNA cargo after transfection. However, piggyBac transposon
modification of mouse T cells has not been reported.

The OT-I mouse model in combination with ovalbumin-modified B16 melanoma cells
(B16/OVA) has been used to test immunotherapy of melanoma in vivo [19]. The OT-I T cells
carry transgenic inserts for the Tcra-V2 and Tcrb-V5 genes designed to recognize an ovalbumin
epitope, thereby directing the cells to the tumor and eliciting a CD8 positive T cells response to
tumor cells expressing ovalbumin antigens [20]. B16/OVA melanoma cells have been gene
modified to express ovalbumin, and can be implanted into mice to generate tumors [21]. We
chose the OT-I/B16 melanoma model to determine if transgene modification of splenocytes,
including mouse T cells, might improve anti-tumor activity in vivo. Autologous peripheral
blood mononuclear cells gene modified to express melanoma antigen-specific T cell receptors
have mediated tumor regression in melanoma patients [22–24].

IL-12 is a pleiotropic cytokine bridging innate and adaptive immunity and creating its
appeal in tumor immunotherapy. Severe toxicities associated with the systemic use of IL-12
have led researchers to evaluate for safer and effective results with directed delivery. IL-12
exerts its anti-tumor activity in part by directly enhancing the cytotoxic activity of T lympho-
cytes and in part by acting on local professional antigen presenting cells, reversing their immu-
nosuppressive activity [25, 26]. Local delivery has been accomplished by gene modified
immune cell delivery [27], modified fibroblasts [28, 29], and direct modification of the tumor
[30]. It has also been suggested that IL-12 can enhance antitumor radiotherapy while diminish-
ing acute radiation injury [31, 32]. After early results raising safety concerns with the therapeu-
tic use of IL-12, interest has resurfaced with investigation of local delivery schemes.

Zhang and colleagues have previously demonstrated improvement of adoptive T cell ther-
apy for melanoma using the B16 mouse model and inducible IL-12 expressed from a retroviral
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vector [33]. Given the expense of retroviral vector production for human application and the
disadvantages of using tumor xenografts in NOD-SCID mice, we sought to determine if piggy-
Bac could be used for non-viral gene modification of mouse T lymphocytes to express IL-12
and improve adoptive transfer mediated anti-tumor activity in the mouse B16 melanoma
tumor model.

Results

Engineering cells using piggyBac for stable IL-12 production
The piggyBac vectors we used in our studies are shown in Fig 1. We engineered three piggyBac
transposon vectors to express mIL-12 (p35/p40 IL-12): one followed by the venus fluorescent
reporter after a 2A cleavage sequence, one followed by the Thy1.1 antigen, and one with mIL-
12 alone. To validate IL-12 production, HeLa cells (1x106) were transiently transfected with
pT-mIL12-2A-Venus and subjected to fluorescent microscopy for detection of the Venus
reporter gene (Fig 2A). Media was collected prior to imaging at 24 hours post-transfection and
mIL-12 concentration was measured using ELISA. Secreted mIL-12 was detected at a concen-
tration of 31 ± 5pg/μl (N = 3, ± SEM) (S1 Fig). Therefore, piggyBac could be engineered to pro-
duce mIL-12 which could be secreted and detected.

To determine if the IL-12 produced was biologically active, we tested its ability to prevent
tumor growth when expressed from the tumor cells. We transplanted 5 X 105 B16 melanoma
cells stably transfected with pCMV-PB and pT-IL12 into C57Bl6 mice and compared their
growth to control unmodified B16 melanoma cells. IL-12 producing tumors failed to grow and
also slowed the growth of contralateral unmodified tumor cell transplants in vivo (Fig 2B),
compared to unmodified control tumor cells alone, implying the induction of an endogenous
immune response. Therefore, our mIL-12 producing piggyBac vector elicited anti-melanoma
tumor activity in vivo when expressing mIL-12 from melanoma cells.

piggyBac-mediated gene modification of mouse T cells
To determine the efficiency of piggyBac for the gene modification of murine T cells, we created
a piggyBac vector expressing the luciferase reporter and Thy1.1 (Fig 1). Mouse splenocytes
were transfected with pT-effLuc-Thy1.1 and pCMV-PB, then stimulated with concanavalin A,
and transfection efficiency was quantitated by flow cytometry using an antibody to Thy1.1.
From an initial transfection efficiency of 49% (± 5%, N = 3, SEM), 28% (± 4%, N = 3, SEM) of
Thy1.1 and CD3 positive cells persisted on day 7 (Fig 3A). Stably transfected mouse T cells
exhibited growth in short-term culture in vitro (Fig 3B).

piggyBac-modified mouse splenocytes home to tumor sites in vivo
The Thy1.1 transgene permitted detection of transfection efficiency using flow cytometry,
whereas the luciferase transgene (Fig 1) permitted in vivo imaging after adoptive transfer of
transfected splenocytes. We implanted 5 X 105 B16/OVA cells into the flank of wild-type
C57Bl6 mice (day –8). Splenocytes were isolated from OT-I C57Bl6 mice and transfected with
pCMV-PB and pT-effLuc-Thy1.1. Twenty four hours after transfection, activated transgenic
OT-I splenocytes were adoptively transferred via tail vein injection on day 0 and day +8. We
performed in vivo imaging of luciferase expression to evaluate localization of stably transfected
OT-I mouse T cells on day +11. We observed localization of transgenic OT-I splenocytes at
sites of tumor eleven days post adoptive transfer (Fig 4). Transgene-modified cells exhibited
concentrated localization at the melanoma tumor transplant site. These results confirmed that
piggyBac-transgene modified OT-1 splenocytes could be adoptively transferred, imaged with in
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vivo imaging, and confirmed homing to tumor sites in vivo. However, cells exhibited limited
persistence in vivo based on imaging at day 18 post transfer (Fig 4).

IL-12 modified cells inhibit melanoma tumor growth and improve survival
in vivo
We performed co-culture experiments of gene modified OT-I cells with B16 cells to confirm
mIL-12 expression from and antigen-specificity of the OT-I cells. OT-I cells were transfected
with either pT-eGFP (control vector) or pT-mIL12 to produce mIL-12. Transfected OT-I sple-
nocytes were then co-cultured with B16 or B16/OVA cells (Fig 5). Flow cytometry confirmed
that 25 ± 3% of CD8 positive OT-I cells expressed eGFP (N = 3, ± STD) at the end of the co-
culture (Fig 5A). Cytometric bead array analysis of media from the co-culture revealed
increased mIL-12 (3.2 ± 0.9 fold when co-cultured with B16 and 2.5 ± 0.3 with B16/OVA;
N = 3 ± STD) in pT-IL12 transfected splenocytes compared to eGFP controls (Fig 5B). To con-
firm antigen specificity, cytometric bead analysis of media from the co-culture for interferon-γ
(INFγ) revealed increased INFγ (8.9 ± 3.3 fold for eGFP and 9.5 ± 4.4 fold for mIL-12 trans-
fected splenocytes; N = 3 ± STD) when OT-I splenocytes were co-cultured with B16/OVA
compared to B16 without OVA (Fig 5C). These results demonstrate mIL-12 expression from
the pT-mIL12 vector from OT-I splenocytes in the presence of B16 or B16/OVA. Additionally,
OT-I splenocytes increased INFγ production only when co-cultured with B16/OVA and this is
unaffected by mIL-12 production from the OT-I splenocytes.

Fig 1. Vector schematics. The hyperactive (m7pB) piggyBac transposase was used in combination with various transposons for mIL-12 and/or reporter
gene (venus or luciferase) expression in vitro or in vivo. CMV, cytomegalovirus immediate early enhancer/promoter; piggyBac, transposase; pA, SV40
polyadenylation signal; mIL-12, murine IL-12; 2A, 2A sequence; venus, reporter gene; effLuc, enhanced luciferase reporter gene; stop, stop codon; IRES,
internal ribosomal entry site; Thy1.1, mouse Thy1.1 antigen; WPRE, woodchuck hepatitis post-transcriptional regulatory element; eGFP, enhanced green
fluorescent protein.

doi:10.1371/journal.pone.0140744.g001
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Fig 2. Functional expression of IL-12 from a piggyBac transposon. A, HeLa cells were transfected with the pT-IL12-2A-venus transposon. DAPI
(4',6-diamidino-2-phenylindole) stain was utilized to visualize cell nuclei (top) and immunofluorescence of the venus reporter gene was used to visualize
protein expression (bottom). Shown is a representative of 3 independent experiments. Culture media from these cells was analyzed for mIL-12 production
resulting in 31 ± 5pg/μl of mIL-12 (N = 3, ± SEM). B, B16 melanoma cells were stably transfected with pT-mIL12 in the presence of pCMV-m7pB. 5 X 105 B16
cells were implanted into mice on the hind quarter. The ability of mIL-12 expressing B16 cells to affect the growth of contralaterally implanted B16 cells was
compared to that of untransfected cells. mIL-12 expressing B16 cells inhibited the contralateral growth of B16 cell in vivo.

doi:10.1371/journal.pone.0140744.g002

Fig 3. piggyBac transposonmodification of mouse splenocytes. A, Splenocytes were transfected with pCMV-m7pB and pT-effLuc-Thy1.1 using the
Neon transfection system and transfection efficiency was evaluated via flow cytometry using antibodies directed against the Thy1.1 antigen at day 1 and day
7 post transfection. Shown is a representative of 3 independent experiments. B, mouse splenocytes could be cultured short term exhibiting cell growth.
Shown is a representative of 3 independent experiments. Arrows indicate a split to 5 X 106 cells for continued growth.

doi:10.1371/journal.pone.0140744.g003
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Fig 4. Homing of piggyBac-modifiedmouse splenocytes to tumor sites in vivo.OT-I mouse splenocytes were transfected with pCMV-m7pB and pT-
effLuc-Thy1.1. 5 X 105 B16/OVA cells into the flank of C57Bl6 mice (day –8). piggyBac-modified splenocytes were adoptively transferred via tail vein
injection on day 0 and day +8. Localization of infused splenocytes was visualized via in vivo imaging of luciferase expression on day +11. Show are 3 of 6
representative animals.

doi:10.1371/journal.pone.0140744.g004

Fig 5. IL-12 transfected OT-I cells produce IL-12 and produce IFNγwhen co-cultured with B16/OVA cells. A, OT-I splenocytes were transfected with
pT-eGFP (control) or pT-mIL12 and co-cultured with B16 or B16/OVA cells. Flow cytometry confirmed the presence of eGFP expressing CD8 positive OT-I
cells at the end of the co-culture. Shown is a representative of 3 independent experiments. B, cytometric bead analysis was used to measure mIL-12 (au,
arbitrary units) in the media derived from the co-culture. *, p<0.05 comparing mIL-12 groups to eGFP. C, cytometric bead analysis was used to measure
INFg production from transfected OT-I cells in the presence of B16 or B16/OVA cells. *, p<0.05 comparing B16/OVA groups to B16 (without OVA).

doi:10.1371/journal.pone.0140744.g005
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We next gene-modified mouse splenocytes with pT-IL12-Thy1.1 to evaluate the effect of
mIL-12 on tumor growth in vivo. We implanted 5 X 105 B16/OVA cells into the flank of 5 gray
irradiated C57Bl6 mice. IL-12-modified OT-I splenocytes were adoptively transferred on day 0
and day 8 and tumor growth was monitored in vivo. Untreated, i.e. no adoptive transfer of
OT-I splenocytes, mice exhibited rapid tumor growth (Fig 6A). Adoptive transfer of piggyBac
alone modified splenocytes slowed tumor growth as expected given the antigen specificity of
OT-I T cells directed towards the melanoma cells expressing the OVA antigen. Splenocytes
modified with pT-mIL-12 slowed tumor growth in vivo even further when compared to OT-I
cells without IL-12 (Fig 6A). Adoptive transfer of piggyBac-mIL-12 modified splenocytes also
improved mouse survival in the B16 melanoma model (Fig 6B). Therefore, piggyBacmodified
mouse splenocytes expressing mIL-12 were capable of anti-tumor activity in an in vivomela-
noma tumor model and had improved anti-tumor activity compared to splenocytes containing
antigen specific T cells alone not expressing mIL-12.

Materials and Methods

piggyBac plasmid vectors
All piggyBac transposon vectors in the study were derived from zeo-pT-MCS [34]. We used the
hyperactive pCMV-m7pB transposase plasmid [8, 9]. The mIL-12 construct used in this study
was derived from pORF-mIL-12 from Invivogen (San Diego, CA). Standard molecular biology
techniques were used to generate pT-mIL12-2A-venus, pT-mIL-12, pT-effLuc-Thy1.1 and pT-
mIL12-Thy1.1 (Fig 1). All plasmids were prepared to be endotoxin free (Qiagen, Valencia, CA)
The sequence of all plasmid was confirmed using DNA sequencing. Plasmids are available
from the authors upon request.

Cell culture and transfection
HeLa cells were cultured and transfected using FuGENE-6 as described previously [35]. Venus
reporter gene expression was visualized in HeLa cells using a Leica fluorescent microscope.
B16/OVA cells were cultured and transfected as described previously [21]. Secreted mIL-12
was quantitated via ELISA using an antibody to IL-12 (R & D Systems, Minneapolis, MN) and
a Fluostar Omega microplate reader (BMG Labtech, Cary, NC).

Splenocyte preparation, co-culture, and adoptive transfer
This research was approved by the IACUC of Baylor College of Medicine. Mouse splenocytes
were prepared as described previously [21]. Briefly, the mouse spleen was removed and placed
in sterile PBS. The spleen was ground and gently mashed through a 70μmmesh. Cells were pel-
leted by centrifugation (400 X g), layered over lympholyte (Cedarlane Labs, Burlington, NC),
centrifuged (1000 X g) and the fuzzy and distinct layers were transferred to a fresh tube as
described in according to the manufacturer’s protocol. Cells were washed twice in phosphate
buffered saline (PBS), counted in 3% acetic acid, and 7.5 X 106 cells were plated per well in a 12
well plate in RPMI media (Life Technologies, Grand Island, NY) containing mIL-2 (10ng/ml;
eBioscience, San Diego, CA) and concanavalin-A (ConA, 5μg/ml; Sigma-Aldrich, St. Louis,
MO). The following day cells were pelleted by centrifugation, washed once in PBS and resus-
pended in RPMI containing IL2 (5ng/ml) and IL-15 (5ng/ml) and transfected using the Neon
transfection system (Life Technologies, Grand Island, NY). 6 X 106 cells were transfected with
a total of 10μg of DNA at a 1:3 ratio (transposase to transposon) at 1700V for two 15 ILlisecond
pulses. After transfection, cells were plated in fresh media containing IL-2 and IL-15 as above.
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Fig 6. IL-12 piggyBac-modified mouse splenocytes exhibit anti-tumor activity in vivo. A, 5 X 105 B16/OVA cells were transplanted into the flank of
C57Bl6 mice.OT-I splenocytes modified with pT-mIL12 and pCMV-m7pB (compared to pCMV-m7pB alone) were adoptively transferred on day 0 and day 8
and tumor growth was monitored in vivo via caliper measurement of tumor diameter. *, p<0.05 using the student’s T test on the given day of comparison. OT-I
splenocytes modified with pT-mIL12 slowed tumor growth in vivo. B, Adoptive transfer of piggyBacmodified OT-1 splenocytes also improved mouse survival
in the B16 melanomamodel. The Mantel-Cox test exhibited a statistically different survival between the two groups, N = 10.

doi:10.1371/journal.pone.0140744.g006
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For co-culture of transfected splenocytes with tumor cells, B16 or B16/OVA cells were
seeded at 50,000 cells per 15.6mm well (standard 24 well plate) in 1ml of media (as described
above but without ConA or IL2) an hour prior to transfection of splenocytes. After transfec-
tion, the 6 X 106 cells were transferred to a single 15.6mm well containing B16 cells and 1ml of
media. After 24 hours undiluted media was analyzed using a BD cytokine bead array (BD Bio-
sciences, San Jose, CA) according to manufacturer’s instructions. Splenocytes were then
obtained from each well by rinsing with media and analyzed by flow cytometry as described
below.

Prior to adoptive transfer of IL-12 piggyBac-modified cells, the mice were irradiated with
5Gy of immunodepleting radiation as described by others [33]. The perpendicular diameter of
tumors was measured by an independent investigator. Mice were sacrificed once the endpoint
was reached as defined by the Baylor College of Medicine Institutional Animal Care and Use
Committee. If a tumor reached 20mm, the mouse was euthanized. Animals were monitored 3
times per week and weighed 2 times per week until tumors reached 10mm. Once the tumor
reached 10mm, the animal was monitored daily. Mice were euthanized via CO2 inhalation.
Mice were euthanized if they appeared moribund, in pain or distress, exhibited inactivity, or
loss 20% of pre-procedure body weight. The number and timing of cells infused for adoptive
cell transfer was as described in the results section.

Flow cytometry
Transfected splenocytes and mouse T cells were analyzed via flow cytometry using the follow-
ing anitbodies: CD3, PerCP Hamster anti-mouse CD3e 145-2c11(BD Biosciences, San Jose,
CA); Thy1.1, anti-mouse/rat CD90.1 (Thy1.1) PE (eBioscience); CD8, Anti-mouse CD8-PerCP
(BD Biosciences). Expression was analyzed using a FACSCalibur flow cytometer with Cell
Quest Software (Becton Dickinson, Franklin Lakes, NJ).

Statistical analysis
Analysis between two groups was performed using the Student’s T test. Analysis between more
than two groups was performed using two way ANOVA followed by Bonferroni posttests. Sur-
vival curves were compared using the Mantel-Cox test. P<0.05 was considered significant.

Discussion
In order to determine if the piggyBac transposon system could be used to gene-modify mouse
T cells for anti-tumor effects, we chose to modify splenocytes containing OVA antigen-specific
OT-I T cells in the B16/OVA melanoma mouse model. We demonstrated piggyBac transposon
mediated modification of murine T cells with reporter genes, a cell surface marker, and IL-12.
Splenocytes modified with luciferase could home to tumor sites in vivo. Splenocytes containing
antigen-specific T cells modified with IL-12 exhibited anti-tumor activity delaying both tumor
growth and mortality in an animal model of melanoma.

Transposons have proven capability in gene modifying human T cells. Recently, the sleeping
beauty transposon system has been approved for a clinical trial in gene modifying T cells to be
directed to CD19 antigens [4–6]. While, immunodeficient mouse models (such as NOD-S-
CID), can be used to determine if antigen-specific T cells can traffic to and kill target cells in
vivo, they are not useful for evaluation of genetic strategies designed to counteract tumor eva-
sion strategies that involve a network of immune system cells. Further, human T cells cannot
be used to evaluate adoptive T cell transfer for the treatment of naturally occurring or geneti-
cally induced tumors in animal models. Given the promising clinical potential of using
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transposons for immunotherapy applications [4, 36, 37], this study was undertaken to deter-
mine if transposons could gene-modify mouse T cells and target a mouse tumor in vivo.

Previous reports have demonstrated transfection of mouse T cells with plasmid DNA.
Transposons offer the capability of permanently integrating transgene(s) into the mouse T cell
genome with high efficiency. To determine if we could stably gene-modify mouse T cells and
achieve anti-tumor activity in vivo, we chose IL-12 as a transgene because of its proven anti-
tumor activity in previous reports. IL-12 is a TH1 cytokine, important for the TH1 polarization
of T cells and dendritic cells that is essential to maintain effector T cell function. Previous stud-
ies have evaluated recombinant IL-12 therapy for cancer in humans, but dose-limiting toxicity
resulted in limited efficacy [38–40]. More recent pre-clinical studies have focused on IL-12 pro-
duction at tumor sites. Investigators have injected fibroblasts expressing IL-12 into tumors
[28], electroporated IL-12 plasmids into metastatic melanoma lesions [41], and delivery of IL-
12 via retrovirally transduced tumor antigen specific T cells [33, 42]. In this study, we used the
non-viral piggyBac transposon system to gene-modify mouse splenocytes containing antigen-
specific T cells to express IL-12 and demonstrated anti-tumor activity in vivo. Splenocytes har-
boring antigen-specific murine T cells could be gene modified with piggyBac and their homing
to tumor sites could be visualized in vivo. IL-12 exhibited anti-tumor activity if expressed from
B16 melanoma cells or from splenocytes containing antigen-specific (OT-I) T cells. Future
experiments can be directed at testing other piggyBacmodification of mouse T cells directed at
specific melanoma antigens [43].

The recent successes and failures of CD19.CAR-modified human T-cells has demonstrated
that numerous structural modification to the CAR backbone profoundly influence the expansion
and persistence of CAR-T-cells after infusion [44, 45]. Further different methods of T-cell expan-
sion and selection may further contribute to T-cell fate. The clinical implication of these differ-
ences cannot be modeled in vitro or in animal models and can only be tested in clinical trials.
However, the cost of clinical grade viral vector production for the comparison of multiple con-
structs in differently produced T-cells is prohibitive and major economic commitments are fre-
quently made for the generation of constructs with minimal clinical benefit. The use of
inexpensive plasmids to test small modification would greatly enhance the progress of clinical tri-
als and our understanding of the critical components of success. Using piggyBac to gene-modify
mouse T cells is limited by transfection efficiency and the toxicity of the transfection methodol-
ogy which reduces viable cells by as much as 50–80%; this holds true for human T cell modifica-
tion as well. Additionally, piggyBac integrations are non-targeted which could result from
undesired outcomes from genome modification. However, no genotoxic events have been
observed thus far with non-targeted retroviral vectors when modifying human T cells in patients.

Our study demonstrates that splenocytes and mouse T cells can be gene modified with pig-
gyBac for the testing of adoptive immunotherapy strategies in mice. Transposons could be
used to compare the effect of multiple transgenes expressed in T cells or other cell types in vivo.
We have recently demonstrated the ability of piggyBac to achieve multiplexed transposon mod-
ification of human cells [11]. Therefore, one could gene-modify mouse T cells with multiple
transgenes such as tumor-directed chimeric antigen receptors, anti-tumor cytokines, or domi-
nant negative receptors for inhibitors of T cell growth and function in animals with complete T
cell repertoire and intact immune system thereby recapitulating the setting of adoptive cell
transfer for immunotherapy in humans.

Supporting Information
S1 Fig. Standard curve for IL-12 ELISA. Serial dilutions of recombinant mIL-12 were used in
an ELISA as described in the Materials and Methods section. Media dilutions were then
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compared to this standard curve for determination of the concentration of mIL-12 produced
from transfected cells.
(TIF)
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