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Neoantigens unique to each patient’s tumor can be 
recognized by autologous T cells through their T-cell 
receptor (TCR) but the low frequency and/or terminal 
differentiation of mutation-specific T cells in tumors 
can limit their utility as adoptive T-cell therapies. Trans-
fer of TCR genes into younger T cells from peripheral 
blood with a high proliferative potential could obvi-
ate this problem. We generated a rapid, cost-effective 
strategy to genetically engineer cancer patient T cells 
with TCRs using the clinical Sleeping Beauty transpo-
son/transposase system. Patient-specific TCRs reactive 
against  HLA-A*0201-restriced neoantigens AHNAKS2580F 
or ERBB2H473Y or the HLA-DQB*0601-restricted neoanti-
gen ERBB2IPE805G were assembled with murine constant 
chains and cloned into Sleeping Beauty transposons. 
Patient peripheral blood lymphocytes were coelectro-
porated with SB11 transposase and Sleeping Beauty trans-
poson, and transposed T cells were enriched by sorting 
on murine TCRβ (mTCRβ) expression. Rapid expansion 
of mTCRβ+ T cells with irradiated allogeneic periph-
eral blood lymphocytes feeders, OKT3,  interleukin-2 
(IL-2), IL-15, and IL-21 resulted in a preponderance 
of effector (CD27−CD45RA−) and less-differentiated 
(CD27+CD45RA+) T cells. Transposed T cells specifically 
mounted a polyfunctional response against cognate 
mutated neoantigens and tumor cell lines. Thus, Sleep-
ing Beauty transposition of  mutation-specific TCRs can 
facilitate the use of personalized T-cell therapy targeting 
unique neoantigens.

Received 9 November 2015; accepted 21 February 2016; advance online  
publication 5 April 2016. doi:10.1038/mt.2016.51

INTRODUCTION
Mutation-specific T cells likely play a key role in mediating long-
term tumor regressions in adoptive T-cell therapy using tumor-
infiltrating lymphocytes (TIL).1–3 In melanoma, ~20% of the 
patients treated with TIL and interleukin-2 (IL-2) following a non-
myeloablative conditioning regimen achieved durable, complete 

regression of metastatic disease.4,5 Retrospective analysis of these 
infused T cells revealed that TIL recognized  patient-specific, 
somatic, non-synonymous mutations expressed by tumors.6–8 
Prospective administration of TIL specifically reactive with 
ERBB2IPE805G neoantigen resulted in a durable regression of meta-
static cholangiocarcinoma indicating that  mutation-specific T cells 
could be used as a treatment for common epithelial cancers.2,9,10 
Most cancers have tumor-derived mutations which could serve as 
neoantigens for T cells.11,12 Therefore, highly  tumor-specific T-cell 
treatments could be potentially generated for any patient with 
T cells that recognize tumor mutations.

However, the direct use of TIL with desired antigen specific-
ity is not always feasible. Our current method relies on screening 
multiple independently grown TIL microcultures for reactivity 
against the patient mutanome, which can be problematic if the 
tumor/mutation-specific TIL are infrequent or in late/terminal 
differentiation stages with limited in vivo expansion capacity.13–15 
Alternatively, T-cell receptors (TCRs) from these patient’s TIL 
could be transferred into autologous peripheral blood T cells with 
a younger phenotype and administered as treatment. This strat-
egy would also allow for a more direct way to test the hypothesis 
that T cells recognizing somatic mutations can mediate objective 
tumor regressions.

Genetic transfer of patient-specific TCRs will likely require 
a rapid, flexible, safe, and cost-effective approach. The Sleeping 
Beauty transposon/transposase system is a candidate for this 
application because it uses DNA plasmids, which are inexpen-
sive to manufacture and easy to manipulate.16,17 Sleeping Beauty 
transposition was originally developed from fish undergoing their 
evolutionary maturation and has been adapted for genetic trans-
fer into human cells.18,19 Cotransfer of two Sleeping Beauty DNA 
plasmids leads to stable transgene expression. The Sleeping Beauty 
transposase plasmid transiently expresses transposase enzyme 
that digests the second plasmid, the Sleeping Beauty transposon, 
at inverted/direct repeats and ligates the transposon cassette con-
taining the gene of interest, i.e., TCR, into TA dinucleotide repeats 
within the genome.

Sleeping Beauty plasmids have been approved for use in clini-
cal trials evaluating the ability of T cells modified with chimeric 
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antigen receptors to treat B-cell malignancies (NCT00968760, 
NCT01497184, NCT01362452, NCT01653717, NCT02194374).20–22 
T cells genetically-modified with  mutation-specific TCRs have 
not yet been infused into humans nor have TCRs been intro-
duced into T cells with the Sleeping Beauty system in clinical tri-
als. Prior studies established means to express TCRs targeting 
shared antigens, e.g., Wilm’s tumor-1 (WT-1), melanocyte antigen 
recognized by T cells (MART-1) and p53, with modest efficien-
cies and with plasmids not developed for clinical use.23,24 We have 
built upon this experience by developing Sleeping Beauty transpo-
sons directly approved for clinical translation for the expression 
of unique, patient-derived  mutation-specific TCRs and expanded 
transposed T cells with a schema streamlined for use in clinical 
protocols at the NCI Surgery Branch. Furthermore, we engineered 
our TCRs to express mouse constant regions which enabled the 
enrichment to high purities of TCR transposed T cells by sorting 
based on mouse TCRβ (mTCRβ). Thus, Sleeping Beauty transpo-
sition is a candidate platform for infusion of personalized TCR 
gene therapy.

RESULTS
Construction of Sleeping Beauty transposons encoding 
mutation-specific TCRs
We modeled the generation of personalized TCR gene therapy 
with three mutation-reactive TCRs (Table  1). Genes encod-
ing the TCRs were identified from infusion bag TIL admin-
istered to patients with metastatic cancer who experienced 
complete regression (CR) or partial regression (PR) of disease. The 
 ERBB2mut-TCR was identified in patient 3466 (melanoma; CR; 
ongoing 59 months) from CD8+ T cells bound to  HLA-A*0201/
ERBB2H473Y peptide tetramer.25 The AHNAKmut-TCR was identi-
fied in patient 3713 (melanoma; CR; ongoing 39 months) follow-
ing AHNAKS2580F peptide coculture and CD8+41BB+ T-cell sorting. 
Similarly, the ERBB2IPmut-TCR was identified in patient 3737 
(cholangiocarcinoma; PR; ongoing 27 months) after ERBB2IPE805G 
gene coculture and CD4+OX40+ T-cell sorting.9 TCRα and TCRβ 
variable regions were sequenced after 5’ RACE and fused to 
murine constant TCRα and TCRβ sequences, respectively, as has 
been done for other TCRs.26 Murinized TCRα and TCRβ were 
linked with furin cleavage site (RAKR), flexible region (SGSG), 
and porcine teschovirus-1 2A (P2A) ribosomal skip sequence27 
so that equimolar amounts of TCRα and TCRβ polypeptides 
would be expressed. The AHNAKmut-TCR and ERBB2IPmut-
TCR were constructed with TCRα-2A-TCRβ orientation and 
the ERBB2mut-TCR was designed with the  TCRβ-2A-TCRα 

configuration. Murinized TCR genes were cloned into the clini-
cal Sleeping Beauty transposon DNA plasmid, pSBSO.22,28 Human 
elongation factor 1α promoter drives translation of the TCR in 
this clinical plasmid and inverted/direct repeat integration sites 
flank the entire locus.29 Thus, mutation-specific TCRs could be 
identified from patients with metastatic cancer and used to gener-
ate Sleeping Beauty transposons for TCR expression in peripheral 
blood-derived T cells.

Stable expression of mutation-specific TCRs achieved 
through Sleeping Beauty transposition,  mTCRβ-
enrichment, and REP
Peripheral blood mononuclear cells (PBMC) from patients with 
advanced cancer were co-electroporated with SB11 transposase16,30 
and Sleeping Beauty transposons to express AHNAKmut-TCR, 
ERBB2mut-TCR, or ERBB2IPmut-TCR. Parallel electroporations 
were performed without DNA/TCR (mock) as a negative con-
trol. The day after electroporation (designated day+1), expression 
of mutation-specific TCRs could be detected in T cells (CD3+) 
by staining with anti-mTCRβ antibody (Figure  1a (top panels) 
and Figure  1b). Minimal detection (0.4 ± 0.1%; mean  ±  stan-
dard error of the mean (SEM); n = 6) of mTCRβ+ T cells in mock 
electroporation supported the specificity of staining. We took 
advantage of TCR murinization to develop a strategy for the 
enrichment of T cells expressing recombinant TCRs by stain-
ing with  fluorescently-labeled mTCRβ-specific antibody and 
capturing labeled T cells with antifluorochrome magnetic beads 
(Figure  1a (middle panels) and Figure  1b). We chose to select 
the T cells prior to stimulation at a time when both integrated and 
transient (episomal) mTCRβ expression would be present rather 
than at a later time point when only integrated, stable mTCRβ 
would be expressed, e.g., day +14, because multiple stimulations 
could result in terminal differentiation of T cells for therapy which 
was undesired. This was an effective strategy as the cumulative 
frequency of CD3+mTCRβ+ T cells increased from 12.3 ± 1.4% 
to 80.8 ± 1.8% (mean  ±  SEM; n  =  18) before and after mTCRβ 
enrichment, respectively. The recovery of mTCRβ+ T cells from 
magnetic bead enrichment was 13.5 ± 3.5% (mean ± SEM; n = 18) 
of the theoretical yield (% mTCRβ+ times total viable cells prior 
to the sort) and viability was 74.5 ± 2.2% (mean ± SEM; n = 18). 
mTCRβ-enriched T cells were then stimulated with a rapid expan-
sion protocol (REP) consisting of a one-time addition of ≥200-fold 
excess of irradiated allogeneic PBMC feeders and agonistic anti-
CD3 antibody (OKT3) along with supplementation every 2–3 
days with IL-2, IL-15, and IL-21. At the end of the REP (day+22), 

Table 1 Transposons used to introduce TCRs into peripheral T cells of patients with metastatic cancer

Transposon
Tumor 

ID Histology TRAV TRBV Design Mutation (HLA restriction) TCR source

AHNAKmut-TCR 3713 Melanoma 12-2*01 2*01 TCRα-2A-TCRβ AHNAKS2580F (A*0201) Coculture with minimal peptide, 41BB+ sort, 
5’RACE

ERBB2mut-TCR 3466 Melanoma 17*01F 28*01F TCRβ-2A-TCRα ERBB2H473Y (A*0201) UV-exchangeable tetramer, sort, 5’RACE

ERBB2IPmut-TCR 3737 Cholangio-
carcinoma

26-2*01F 2*01F TCRα-2A-TCRβ ERBB2IPE805G (DQB*0601) Coculture with mutated minigene, OX40+ sort 
and limiting dilution cloning, 5’RACE of clones

Infusion bag T cells were used as a source of mutation-reactive TCR genes. Following isolation of TCR variable sequences, murinized TCRs were reconstructed as 
pSBSO Sleeping Beauty transposons (T2 transposon derivative).
TCR, T-cell receptor.
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stable expression of mutation-specific TCRs could be detected 
through mTCRβ staining, which was absent in mock/No TCR 
culture (Figures  1a (bottom panels) and Figure  1b). mTCRβ 
expression at day+1 was likely from a combination of integrated 
and episomal/transient transposon because the frequencies of 
mTCRβ+ T cells decreased following the REP. A hierarchy of 
mTCRβ+ T cells was detected amongst the three TCRs that fol-
lowed  AHNAKmut-TCR<ERBB2mut-TCR<ERBB2IPmut-TCR 
(Figure  1b far right). The kinetics of mTCRβ expression also 
followed a predictable pattern where mTCRβ-enriched T cells 
experienced a sharp decrease in frequency after 1 week of the 
REP (day+8), which is likely representative of the excess feeder 
PBMC population still present in the culture, but normalized to 
stable mTCRβ+ T-cell frequencies a week later (day+15) that were 
maintained during the last week (Figure 1c). The absolute num-
bers of T cells initiated in culture was <105 mTCRβ+ T cells and 

logarithmic growth of mTCRβ+ T cells over the 22-day period was 
observed suggesting that this strategy could be amenable to gen-
erating large numbers of mutation-reactive T cells (Figure  1d). 
We started with small T-cell numbers (<105 on average) because 
this was a  proof-of-principle study where large yields were not 
required, and optimization of the expansion will be likely needed 
to treat patients with >109 T cells as is currently performed in some 
other T-cell therapies. In summary, nonviral Sleeping Beauty trans-
position, enrichment of mTCRβ+ T cells and REP were effective in 
generating T cells with stable mutation-specific TCR expression.

Memory phenotype of mTCRβ+ T cells and 
preferential expansion of CD8+ T cells
The surface phenotype of expanded mTCRβ+ T cells was evalu-
ated to determine the potential characteristics of T cells for infu-
sion as a personalized TCR gene therapy. Because our main goal 

Figure 1  Introduction, enrichment, and stable expression of mutation-specific T-cell receptors (TCRs) in peripheral blood T cells using 
Sleeping Beauty transposition. Peripheral blood leukocytes from patients with advanced cancer were coelectroporated with SB11 transposase and 
pSBSO Sleeping Beauty transposons (derivative of T2 transposon) containing mutation-specific TCRs fused to murine constant α and β chains. The 
following day, transposed T cells were enriched by capturing mouse TCRβ+ (mTCRβ) T cells with magnetic beads, and mTCRβ+ T cells were stimulated 
with a rapid expansion protocol (REP) supplemented with interleukin-2 (IL-2), IL-15, and IL-21. T cells electroporated without DNA/TCR (mock) were 
stimulated in parallel for negative control. (a) Evaluation of mTCRβ+ T cells following electroporation with (from left to right): No DNA/TCR (mock), 
AHNAKmut-TCR, ERBB2mut-TCR or ERBB2IPmut-TCR transposons. Day+1 pre- (top) and post- (middle) mTCRβ-enrichment and 22 days after expan-
sion in REP (bottom) are displayed from 1 of 6 donors tested in two independent experiments. (b) Cumulative mTCRβ expression in AHNAKmut-TCR 
(circles), ERBB2mut-TCR (squares) and ERBB2IPmut-TCR (triangles) electroporated T cells (gated on live T cells; PInegCD3+) prior to enrichment with 
mTCRβ, post-mTCRβ enrichment and at the end of the REP (day+22). Each donor has a shape displayed for each TCR where means (n = 6) are dis-
played as lines. (c) Kinetics of mTCRβ expression during the REP of the three TCR transposon populations described in (b). Data are mean ± standard 
error of the mean (SEM) (n = 6) pooled from two independent experiments. (d) Kinetics of mTCRβ+ T cell expansion during the REP with the same 
TCR designations as in (b). mTCRβ+ T-cell counts at each time point were calculated by multiplying total cell counts by mTCRβ+CD3+ frequency. Data 
are mean ± SEM (n = 6) pooled from two independent experiments.

Pre-mTCRβ enrichment
(day+1)

No TCR
(Mock)

AHNAKmut-
TCR

ERBB2mut-
TCR

ERBB2IPmut-
TCR

AHNAKmut-TCR

100

80

60

40

m
T

C
R

β+
 (

%
)

20

0

100 8

7

6

5

4

80

60

40

m
T

C
R

β+
 (

%
)

Lo
g 1

0 
m

T
C

R
β+

 c
el

ls

20

Day+1
(pre-mTCR
enrichment)

Day+1
(post-mTCR
enrichment)

Day+22
(post-REP)

0 7 14

Days after electroporation

21 0 7 14

Days after electroporation

21
0

ERBB2mut-TCR

ERBB2IPmut-TCR

m
T

C
R

β
Post-mTCRβ enrichment

(day+1)

Post-REP
(day+22)

CD3

a

b c d

1080 www.moleculartherapy.org vol. 24 no. 6 jun. 2016



© The American Society of Gene & Cell Therapy
Personalized TCR Gene Therapy

is to generate cancer treatments, we genetically modified PBMC 
from patients with advanced cancer who had received multiple 
systemic chemotherapies such that the feasibility of this approach 
and the potential characteristics of the infusion product could be 
assessed. The initial population of mTCRβ+ T cells was dominated 
by CD4+ T cells but preferential expansion of CD8+ T cells dur-
ing the REP resulted in a preponderance of CD8+mTCRβ+ T cells 
in the final product (Figure 2a). Addition of low-dose IL-2 (50 
IU/ml) in combination with IL-15 and IL-21 also resulted in 
preferential outgrowth of CD8+ T cells in other T-cell expansion 
models29,31 and we did not observe the same phenomenon when 
culturing the T cells in IL-2 alone (data not shown). Preferential 
outgrowth of CD8+ T cells was noted in each of the three tested 
TCR populations indicating that it was not dependent upon the 
source of TCR, i.e., whether it was isolated from a CD4+ or CD8+ T 
cell (Figure 2b). Surface expression of memory markers was com-
pared between T cells prior to electroporation (day 0) and T cells 
expressing mTCRβ after electroporation (day +1) to evaluate 

whether electroporation affected the T cells. Expression of CD27, 
CD57, CD62L, and CD95 were not changed but CD45RA and 
CD45RO were higher and lower, respectively, on mTCRβ+ T cells 
compared to untransfected T cells (Figure  2c). Therefore, TCR 
transfection was preferential in CD45RA+ T cells over CD45RO+ 
T cells. The same surface memory markers were compared at day 
+21 of the REP between mTCRβ+ T cells and mock electropor-
ated (No DNA/TCR) T cells expanded in parallel with identical 
culture conditions. No DNA/TCR control T cells were predomi-
nantly CD45RO+CD95+CD57+/− (effector) phenotype. In contrast, 
mTCRβ+ T cells maintained similar expression of CD27, CD45RA, 
CD45RO, CD57, CD62L, and CD95 compared to initial (day +1) 
levels (Figure 2d). Thus, mTCRβ+ T cells maintained expression 
of surface memory molecules present in the initial PBMC com-
position. To characterize the T-cell phenotype further, combina-
tions of CD45RA and CD27 expression were assessed on mTCRβ+ 
T cells. CD45RA−CD27−, CD45RA+CD27−, CD45RA−CD27+ and 
CD45RA+CD27+ cells have shown propensity to have effector, 

Figure 2 Surface phenotype of T cells expressing mutation-specific T-cell receptors (TCRs). (a) Kinetics of CD4+mTCRβ+ (open circles) and CD8+mTCRβ+ 
(closed circles) frequencies during the REP. (b) Frequency of CD4+ (open bars) and CD8+ (closed bars) T cells within the mTCRβ+ gate for each TCR popula-
tion on day+19. (c) Surface expression of memory markers on T cells (CD3+) on peripheral blood mononuclear cells prior to electroporation (open bars) or 
CD3+mTCRβ+ T cells at day+1 postelectroporation (closed bars). (d) Surface expression of memory markers on T cells (CD3+) expanded in parallel to TCR 
transposed T cells from mock (No DNA/TCR) electroporations (open bars) or CD3+mTCRβ+ T cells (closed bars) at day+21 postelectroporation. Student’s 
two-tailed t-test for comparisons between mock and mTCRβ groups for each marker in (c) and (d). **P < 0.01 and ***P < 0.001 (e) Frequency of CD45RA 
and/or CD27 expression in CD4+mTCRβ+ (top) or CD8+mTCRβ+ (bottom) T cells. Data were mean ± standard error of the mean (n = 6 for (b) and (c) closed 
bars and n = 18 (six donors with three TCRs) for all other graphs). Data were pooled from two independent experiments.
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terminally differentiated (effector memory RA), memory, and 
naïve/minimally differentiated qualities, respectively.32–35 Using 
these parameters, CD4+mTCRβ+ T cells were composed primarily 
of effector and memory T cells (Figure 2e top) and CD8+mTCRβ+ 
T cells were mainly effector and minimally differentiated T cells 
(Figure  2e bottom). Murine models demonstrated that mini-
mally differentiated T cells were maximally effective in adoptive 
T-cell therapy,32 but transfer of human TIL, which were mostly 
composed of effector T cells, resulted in complete regressions of 
metastatic melanoma.4 Furthermore, expression of CD27 on TIL 
correlated with clinical response to TIL therapy4 and the majority 
of T cells in this study expressed CD27 (Figure 2d). This platform 
generated mutation-specific T cells that would have characteristics 
of effective T cells based on murine models, i.e., minimally differ-
entiated T cells, and based on the current experience in human 
clinical trials, i.e., CD27+ T cells and/or effector T cells. Thus, it 
would not be necessary to choose effector T cells or minimally 
differentiated T cells for therapy because they were both present 
in the final T-cell product.

Sleeping Beauty transposition of mutation-reactive 
TCRs redirects T cells to target tumor cell lines
The specificity of transposed T cells toward tumor cell lines was 
evaluated by surface expression of an activation marker (41BB) and 
interferon-γ (IFNγ) secretion as indicators of response. Established 
HLA-A*0201 tumor cell lines TC3713 (AHNAKS2580F ERBB2WT), 
TC3466 (AHNAKWT ERBB2H473Y) and TC4046 (AHNAKWT 
ERBB2WT) were coculture targets. An ERBB2IPE805G tumor cell line 
was unavailable, so Epstein-Barr virus  (EBV)-immortalized B cells 
with HLA-DQB*0601 haplotype were pulsed with ERBB2IPE805G 
or ERBB2IPWT peptides for evaluation of the ERBB2IPmut-TCR. 
T cells alone (Media) or activated with OKT3 were used as nega-
tive and positive controls, respectively. AHNAKmut-TCR T cells 
displayed specific and CD8-restricted recognition of TC3713 
(Figure 3a top panels and Figure 3b black bars). ERBB2mut-TCR 
T cells were specific for TC3466, which were also restricted to CD8+ 
T cells (Figure  3a middle panels and Figure  3b hatched bars). 
Reactivity to TC4046 was not detected by any of the transposed 
populations. ERBB2IPmut-TCR T cells showed coreceptor inde-
pendent (CD4 and CD8) recognition of ERBB2IPE805G peptide with 
no IFNγ secretion or 41BB expression in response to ERBB2IPWT 
peptide (Figure 3a bottom panels and Figure 3b gray bars). Thus, 
Sleeping Beauty transposition of mutation-reactive TCRs conferred 
specific recognition of tumor cell lines.

Avidity of transposed mutation-specific TCRs 
can be detected below pmol/l mutated peptide 
concentration
After establishing that tumor cell lines could be targeted by trans-
posed T cells expressing mutation-specific TCRs, the TCR avid-
ity to mutated peptides was assessed. The T2 tumor cell line was 
used for pulsing AHNAK and ERBB2 minimal HLA-A*0201-
restricted peptides because it is a tumor cell line with transporter 
associated with antigen processing (TAP) deficiency such that 
most endogenous HLA Class-I peptides were not presented on 
the cell surface and exogenous peptides are efficiently loaded.36 
As was done for enzyme-linked immunosorbent assay (ELISA) 

experiments, EBV-transformed B cells (HLA-DQB*0601) were 
antigen presenting cells for ERBB2IP peptide testing. Cocultures 
of  peptide-pulsed targets and transposed T cells were evaluated 
for IFNγ secretion by enzyme-linked immunospot (ELISPOT) 
assay. The AHNAKmut-TCR showed the highest avidity where 
IFNγ spots were off scale (>1,000 spots per 104 T cells) at 10−12.3 
mol/l (0.5 pmol/l) of AHNAKS2580F peptide with recognition of 
AHNAKWT peptide only at high concentrations and in low frequen-
cies (Figure 4a). Similarly, the ERBB2mut-TCR displayed avidity 
to ERBB2H473Y peptide to 10−12.3 mol/l (0.5 pmol/l) with minimal 
response to ERBB2WT peptide (Figure 4b). The  ERBB2IPmut-TCR 
was reactive to down to 10–7.5 mol/l (31 nmol/l) ERBB2IPE805G pep-
tide with no cross-reactivity to ERBB2IPWT peptide. Reports of 
other effective TCRs ranged from nmol/l to pmol/l avidities,37–41 
which was the range for mutated  neoantigen-specific TCRs used 
for this study. The TCR transposed T cells displayed similar avid-
ity towards mutated peptide as TIL from which the TCRs were 
isolated.9,25 High avidity TCR transposed T cells were unlikely to 
have off-target effects in patients because (i) mutations would be 
present only on tumor cells, (ii) responses to wild-type peptide 
were only observed at high concentrations of peptide unlikely to 
be expressed by normal cells, and (iii) TCRs were autologous to 
the patient. Thus, high-avidity TCRs can be expressed on T cells 
to target tumor-mutated neoantigens using Sleeping Beauty 
transposition.

Recognition of mutated neoantigen by  TCR-
transposed T cells resulted in production of multiple 
effector molecules
After specificity and avidity of the transposed T cells was estab-
lished, their simultaneous expression of multiple effector mole-
cules in response to mutated neoantigen peptide was examined by 
intracellular staining. Cocultures were initiated in the same man-
ner as was done for the ELISPOT assays, except (i) a single peptide 
concentration was used, (ii) cocultures were performed in round-
bottom plates instead of ELISPOT plate to facilitate staining, and 
(iii) inhibitors of exocytosis, i.e., GolgiStop and GolgiPlug, were 
added 4 hours into coculture to block secretion of effector mol-
ecules. Cocultures were stained for IL-2, CD107a (measure of 
degranulation),42 IFNγ and tumor necrosis factor-α (TNFα) to 
evaluate CD4 and CD8 T-cell-specific responses. IL-2 was spe-
cifically expressed in response to mutated antigens mainly by 
CD4+mTCRβ+ T cells (Figure 5a,b first panels and graph). In con-
trast, CD107a expression was primarily restricted to responses by 
CD8+mTCRβ+ T cells to mutated peptide, which may be explained 
by the inherent cytolytic function of CD8+ T  cells (Figure 5a,b 
second panels and graph). Consistent with the observations from 
tumor cell cocultures (ELISA) and ELISPOT assays, IFNγ was 
expressed specifically in response to mutated peptide in a core-
ceptor-independent fashion in CD4 and CD8 T cells (Figure 5,b 
third panels and graph). TNFα was also expressed in both 
CD4+mTCRβ+ and CD8+mTCRβ+ T cells in response to mutated 
peptide with minimal reactivity to wild-type peptide (Figure 5a,b 
fourth panels and graph). Boolean gating, which calculates the 
number of subpopulations a particular cell is found in the mul-
tiparameter flow cytometry data, demonstrated that mTCRβ+ 
T  cells simultaneously expressed multiple effector molecules in 
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response to mutated peptide (Figure 5c). Therefore, transposed 
T  cells could generate a multifunctional attack on tumor cells 
based on recognition of mutated neoantigens.

TCR-transposed T cells specifically lyse autologous 
tumor cell lines
The ability of TCR-transposed T cells to lyse tumor targets was 
assessed using non-radioactive lysis assay (lactate dehydroge-
nase release).43 Tumor cell lines which endogenously expressed 
AHNAKS2580F (TC3713) or ERBB2H473Y (TC3466) were used as tar-
gets for T cells expressing AHNAKmut-TCR and  ERBB2mut-TCR, 
respectively. Mock transfected T cells (No DNA/TCR) grown in 

parallel to TCR transposed T cells were used as negative controls. 
T cells expressing AHNAKmut-TCR lysed TC3713 significantly 
higher than their TCRneg controls in two of three donors tested 
(Figure 6a). T cells expressing  ERBB2mut-TCR demonstrated sig-
nificant lysis of TC3466 compared to autologous T cells without 
TCR expression in three of three donors tested (Figure 6b). The 
frequency lysis was relatively low which was (i) consistent with 
frequencies of CD8+ T-cell degranulation (CD107a expression) in 
response to mutated peptide (Figure 5b second panels) and (ii) 
consistent with high frequencies of “young” (CD45RA+CD27+) 
CD8+mTCRβ+ T cells which would have limited lytic capacity 
(Figure 2e bottom). In sum, TCR transposed T cells were highly 

Figure 3 Specificity of mutation-specific T cells to tumor cells. At day 19 postelectroporation, transposed T cells expressing mutation-specific 
T-cell receptors (TCRs) were cocultured for 24 hours with target cells. Coculture supernatants were analyzed for interferon-γ (IFNγ) secretion by 
enzyme-linked immunosorbent assay and cells were evaluated by flow cytometry for 41BB expression as a marker for T-cell activation. TC3713 and 
TC3466 tumor cell lines endogenously express AHNAKS2580F and ERBB2H473Y, respectively. TC4046 is wild type for both genes. All three tumor cell lines 
were derived from patients with HLA-A*0201 haplotype. ERBB2IPWT or ERBB2IPE805G peptides were pulsed on HLA-DQB*0601 B cells for assessment of 
ERBB2IPmut-TCR specificity. (a) 41BB expression (y-axes) in CD8+ T cells (x-axes) of AHNAKmut-TCR (top), ERBB2mut-TCR (middle) and ERBB2IP-TCR 
(bottom) cocultures with targets listed above. Plots shown were gated on live (PIneg) CD3+mTCRβ+ cells. Relative frequencies are displayed in flow 
cytometry quadrants. (b) IFNγ secretion following coculture. Media only (no targets; T cells only) and OKT3 served as negative and positive controls, 
respectively. Data are mean ± standard error of the mean (n = 3 technical replicates) from one representative donor of six tested in two independent 
experiments.
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functional and specific for mutated neoantigen and autologous 
tumor cells as evidenced by (i) surface expression of 41BB, (ii) 
IFNγ secretion (ELISPOT and ELISA), (iii) simultaneous produc-
tion of multiple effector molecules, and (iv) cell lysis. Therefore, 
Sleeping Beauty transposition is a candidate platform for personal-
ized TCR gene therapy.

DISCUSSION
TIL recognition of patient-specific, tumor-derived mutations 
through their TCR likely contributed to long-term, complete tumor 
regressions following adoptive T-cell therapy.1,10 Identification and 
transfer of mutation-reactive TCRs into “younger” T cells from 
peripheral blood could lead to T-cell therapies regardless of the 
abundance or phenotype of the TCR cell source, e.g., TIL. Because 
mutations and TCRs will be unique for each individual, a person-
alized approach is warranted. Lentiviral and γ-retroviral super-
natants which are used to generate T-cell treatments for many 
patients with the same gene, e.g., CD19-specific chimeric antigen 
receptors, currently require expensive and time consuming safety 

testing and are thus limited in their ability to fit this therapeutic 
need. Sleeping Beauty transposition is approved by the Food and 
Drug Administration and is a candidate platform for personalized 
application because of the low cost and speed at which TCRs can 
be synthesized and cloned into DNA transposons.22 Herein, we 
establish that the clinical Sleeping Beauty transposon/transposase 
system can be used for stable, nonviral expression of recombinant 
TCRs in T cells from patients with advanced cancer.  TCR-modified 
T cells were specific for mutated peptide and mutated tumor cell 
lines. Thus, this approach is a rapid, inexpensive, noninfectious 
approach to personalize TCR gene therapy.

The scalability of the Sleeping Beauty transposition and REP sys-
tem may need to be optimized before patients are treated. In this 
research study, a fold expansion of 205 ± 41 (mean ± SEM; n = 18) 
was observed from <105 cells at the start of REP (Figure 1d). One 
of the ways to increase final cell counts would be to increase the 
number of cells that go into the REP. Starting mTCRβ+ T cells 
numbers could be increased by electroporating multiple cuvettes, 
e.g., 10  cuvettes of 2 × 107 PBMC to start with 2 × 108 cells,17 or 

Figure 4 Avidity of T-cell receptor (TCR)-transposed T cells to tumor-derived mutated peptides. Wild-type (wt) or mutated (mut) peptides 
were pulsed in decreasing concentrations on either HLA-A*0201 T2 cells (AHNAK and ERBB2) or HLA-DQB*0601 B cells (ERBB2IP). Cocultures of TCR 
transposed T cells and peptide-pulsed targets were evaluated with interferon-γ (IFNγ) enzyme-linked immunospot (ELISPOT). Limit of enumeration 
was 1,000 spots. Representative ELISPOT wells are shown to the right. (a) AHNAKmut-TCR, (b) ERBB2mut-TCR, and (c) ERBB2IPmut-TCR cocul-
tures. Representative donor from six tested in two independent experiments is shown. Data are mean ± standard error of the mean (n = 3 technical 
replicates).
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by electroporating large cell numbers in one step, e.g., with the 
MaxCyte system. The initial expression of TCR (day+1) could be 
improved upon by (i) using ultraclean DNA which improves trans-
gene transfer efficiency by electroporation22 or (ii) modifying trans-
posons with alternate promoters or other untranslated elements 
to maximize production and stability of transgene expression.44,45 
Another option would be to enrich for mTCRβ at the end of one 

REP (TCR expression will be stable) and perform a second REP 
to boost cell numbers and further improve frequency of mTCRβ+ 
T cells. However, this may promote the differentiation of trans-
posed T cells and we chose to forego this strategy in this study to 
limit these potential complications. Some TCRs have more robust 
expression than do others (Figure 1), which is likely mediated by 
their variable regions because TCRs were fused to the same murine 

Figure 5 Production of multiple effector molecules by T-cell receptor (TCR)-transposed T cells in response to tumor-derived mutated peptides. 
Wild-type (wt) or mutated (mut) peptides were pulsed on either HLA-A*0201 T2 cells (AHNAK and ERBB2) or HLA-DQB*0601 B cells (ERBB2IP). TCR 
transposed T cells were cocultured with peptide-pulsed targets for 15 total hours and GolgiStop and GolgiPlug were added to cocultures after the 
first 4 hours of coculture to block exocytosis of effector molecules. (a) Representative expression of (from left to right): interleukin-2 (IL-2), CD107a, 
interferon-γ (IFNγ), and tumor necrosis factor-α (TNFα) in CD4+mTCRβ+ (top) and CD8+mTCRβ+ (bottom) T cells. The example shown is from the 
ERBB2IPmut-TCR. Frequencies are displayed above gates. Open histograms show wild type peptide cocultures and red shaded histograms display 
mutated peptide cocultures. (b) Cumulative expression of IL-2, CD107a, IFNγ, and TNFα by mTCRβ+ T cells in either CD4+ or CD8+ gates. Data are 
mean ± standard error of the mean (n = 18; triplicate technical replicates of six donors) pooled from two independent experiments. Student’s paired; 
two-tailed t-tests were used for statistical analysis between wt/mut cultures for CD4 or CD8 gates. *P < 0.05, **P < 0.01, ***P < 0.001 (c) Boolean gating 
was used to determine the number of effector functions expressed by mTCRβ+ T cells in response to peptide coculture. Data are shown following gat-
ing on either CD4 or CD8. Data were pooled from two independent experiments for six donors with triplicate technical replicates for each condition.
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constant regions, and the levels of TCR expression may affect thera-
peutic efficacy.

The transfer of more than one TCR gene modified population 
may be desirable. As passenger mutations unique to each tumor 
are likely targets of TCRs, the probability of successfully elimi-
nating the tumor could increase by infusing T cells with multiple 
specificities. Furthermore, mutation-specific TCR gene therapy 
could also be combined with TCRs targeting shared antigens, 
i.e., cancer germline antigens, to achieve a similar effect. In addi-
tion to TCRs-targeting neoantigens, we have already successfully 
transposed T cells with TCRs targeting MAGEA3 and MART-1 
shared antigens (data not shown). During the course of this study, 
a total of 41 different TCRs were expressed at >20% mTCRβ+ 
using Sleeping Beauty transposons in a total of 16 cancer patient 
donor PBMC (all of the data not shown; three representative 
TCRs detailed in this report) indicating that this could be a widely 
applicable strategy for personalized TCR gene therapy. Capture 
of mTCRβ+ T cells, which would be electroporated and expanded 
separately in parallel to abrogate mis-pairing from cotransfec-
tion of multiple TCRs into the same T cell, could enrich differ-
ent transposed populations with a common reagent and minimize 
dilution effects of mixing populations with variable frequencies 
of recombinant TCR. Production of mTCRβ-specific antibody at 
good manufacturing protocol standards is needed for the clinical 
implementation of this strategy. Alternatively, selection markers 
could be introduced into the transposon, e.g., truncated nerve 
growth factor receptor, for isolation of transposed T cells with 
magnetic beads already produced for clinical use.46 The ease of 
DNA plasmid manipulation lends itself to a tailored TCR gene 
therapy approach.

The type of T cell used for genetic engineering could also 
impact therapeutic efficacy. One of the advantages of Sleeping 
Beauty transposition over other gene transfer platforms which 
require cell division for transgene integration is its ability to trans-
fer genes into cells without division, including minimally differ-
entiated T cells. Mouse models demonstrated that T cells earlier 
in the differentiation cascade, e.g., stem cell memory or central 

memory, had superior antitumor activity compared to effector 
and effector memory T-cell counterparts.32,47,48 A syngeneic model 
for mutated p68 has been generated40 which opens opportunity 
to test the effects of T-cell differentiation on targeting mutated 
neoantigens in an immunologically replete host. The generation 
of xenogeneic models for human T cells expressing individual-
ized TCRs targeting patient-specific mutations could allow for 
investigation of tumor eradication capabilities by sorted memory 
T-cell subsets. Surface phenotype of mTCRβ+ T cells produced 
from PBMC of patients with advanced cancer by Sleeping Beauty 
transposition and REP with IL-2/IL-15/IL-21 was consistent 
with both effector (CD27-CD45RA-) and early differentiation 
(CD27+CD45RA+) stages (Figure  2). This phenotypic composi-
tion mirrored that of T cells before expansion, suggesting that the 
ability to generate TCR transposed T cells with a particular sur-
face phenotype will depend, at least in part, on the original com-
position of the patient PBMC. Nonetheless, retrospective studies 
of melanoma patients treated with TIL revealed that infusion of 
larger numbers of CD8+CD27+ T cells correlated for response to 
immunotherapy.4 The infusion of CD8+CD27+mTCRβ+ T cells 
could test if a similar memory phenotype could mediate tumor 
regressions in the gene-modified setting. The initial selection 
could also be modified to include isolation of CD62L+ T cells with 
magnetic beads to increase frequencies of T cells at earlier stages 
of differentiation.49 Alternatively, the platform for T-cell propaga-
tion could be changed to tailor T cells towards a particular phe-
notype. Intracellular signaling critical for memory maintenance 
could be modulated by engaging costimulatory (41BB or CD28) 
or coinhibitory (PD-1 or CTLA-4) pathways with agonistic/
antagonistic antibodies added in the REP50–55 or through addi-
tion of irradiated artificial antigen presenting cells expressing the 
costimulatory ligand(s).29,56,57 Molecules that perturb T-cell dif-
ferentiation signaling cascades, e.g., AKT or GSK3β inhibitors,13,32 
could be added to the REP to limit differentiation. Sleeping Beauty 
transposes genes in nondividing cells,44,58 which gives it a capacity 
for infusion of T cells immediately after gene transfer. In this sce-
nario, PBMC with full repertoire of T-cell memory populations, 

Figure 6 Specific lysis of tumor cell lines by T-cell receptor (TCR)-transposed T cells. Four-hour nonradioactive lysis assays (lactate dehy-
drogenase assay) were performed with transposed T cells and established tumor cell lines expressing the corresponding mutated neoantigen. 
(a)  AHNAKmut-TCR-transposed T cells or No DNA/TCR (mock) T-cell cultures were cocultured with TC3713 (HLA-A*0201; AHNAKS2580F) at an effector 
to target (E:T) ratio of 10:1. (b) ERBB2mut-TCR transposed T cells or No DNA/TCR (mock) T-cell cultures were cocultured with TC3466 (HLA-A*0201; 
ERBB2H473Y) at an E:T ratio of 10:1. Three donors were evaluated for each TCR as indicated on the x-axes. Student’s paired, two-tailed t-tests were used 
for statistical analysis between autologous TCR transposed T cells and No DNA/TCR T cells. *P < 0.05 and **P < 0.01
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including unmanipulated stem cell memory T cells, could be 
genetically modified with TCRs and directly infused into patients 
where “young” T cells could capitalize on homeostatic cytokines 
immediately after infusion.

Translation of Sleeping Beauty transposition of TCRs into 
clinical trials can test whether T cells can directly mediate tumor 
regressions by recognition of somatic mutations. The identi-
fication and direct use of mutation-reactive TCRs is a feasible 
approach because T cells with specificity for mutated neoantigens 
have been reproducibly identified from a number of tumor his-
tologies and HLA haplotypes.2,7,9,59,60 Some of the techniques used 
to find these TCRs include but are not limited to: (i) TIL cocul-
ture with mutated genes/peptides, (ii) isolation with tetramers, 
e.g., ultraviolet light-exchangeable tetramers,25,61 or (iii)  pair-
ing of TCRs based on frequency in T-cell subpopulations, e.g. 
PD-1+ or 41BB+, directly from tumor digests or patient blood.15,62 
Approaches to isolate mutation-reactive TCRs directly from 
tumors or blood, i.e., bioinformatics-based pairing of TCRα and 
TCRβ (pairSEQ) or sorting subsets with FACS and identifying 
pairs by single-cell PCR,63,64 could decrease the time required to 
make TCR transposed T cells. Mutation-specific T cells are likely 
to result in tumor elimination9 which could justify spending more 
time and effort to identify and transfer the neoantigen-specific 
TCRs into autologous T cells. If these studies can be performed 
prior to standard of care then personalized TCR gene therapy can 
be waiting for patients if conventional care fails to cure them of 
disease. Using this platform, the hypothesis that T cells can medi-
ate tumor regressions through the recognition of mutated tumor 
antigens by TCRs can be directly evaluated.

MATERIALS AND METHODS
Patient samples. Blood and tumor specimens were obtained after writ-
ten, informed consent was granted. Mutations were identified by exomic 
sequencing as previously described.2,6,9,25 PBMC from apheresis were 
isolated by Ficoll-Hypaque and cryopreserved. An immortalized anti-
gen presenting cell line was generated from patient 3737 (autologous to 
ERBB2IPmut-TCR; HLA-DQB*0601) from B cells initially expanded on 
irradiated NIH-3T3-CD40L feeder cells (+IL-4) then infected with EBV 
according to standard protocols.

Reagents. Antibodies specific for human CD3, CD4, CD8, CD27, 
CD28, CD45RA, CD45RO, CD62L, CD57, CD95, and 41BB were pur-
chased from BD Biosciences (San Jose, CA). Anti-human CD107a, 
IL-2, IFNγ, and TNFα antibodies were acquired from Biolegend (San 
Diego, CA).  Anti-mouse TCRβ antibody was purchased from eBio-
science (San Diego, CA). Cells were stained at 4 °C for 30 minutes and 
washed with PBS, 0.5% fetal bovine serum and 5 mmol/l ethylenediami-
netetraacetic acid, pH 8.0. AHNAKS2580F (FMPDFDLHL), AHNAKWT 
(SMPDFDLHL), ERBB2H473Y (ALIHHNTYL), ERBB2WT (ALIHHNTHL), 
ERBB2IPE805G (TSFLSINSKEETEHLENGNKYPNLE), and ERBB2IPWT 
(TSFLSINSKEETGHLENGNKYPNLE) peptides were purchased from 
Peptide 2.0 (Chantilly, VA).9,25 Peptides were solubilized in dimethyl sulfox-
ide (Sigma, St. Louis, MO) at 10 mg/ml. T-cell REP media was formulated 
with 50% AIM-V media (Gibco; Life Technologies, Grand Island, NY), 
40% RPMI-1640 with L-glutamine media (Lonza, Basel, Switzerland), 
10% human AB serum (Valley Biomedical, Winchester, VA), and anti-
microbial agents (penicillin, streptomycin, gentamycin, and Fungizone; 
Gibco). Transfection media was phenol-free RPMI-1640 media (Lonza), 
Glutamax-100 (Gibco), 20% human AB serum and antimicrobial agents 
as above. Tumor cell line cultures were maintained in RPMI-1640 with 

L-glutamine, 10% fetal bovine serum, and antimicrobial agents detailed 
above.

Sleeping Beauty transposon and transposase plasmids.  AHNAKmut- 
TCR and ERBB2IPmut-TCRs were constructed with human TCR vari-
able (V) and murine constant (mC) regions following: 5’— Vα/mCα/
furin-SGSG-P2A/Vβ/mCβ—3’. Similarly, ERBB2mut-TCR construction 
followed: 5’—Vβ/mCβ/furin-SGSG-P2A/Vα/mCα—3’ but the murine 
constant chains contained hydrophobic and cysteine modifications in 
order to assist pairing.65 Murinized TCRs were codon-optimized for 
expression in human cells, synthesized de novo (Gene Oracle, Mountain 
View, CA) and cloned into pMSGV1 γ-retroviral vector.9 TCRs were 
excised from pMSGV1 with XbaI and SalI restriction enzyme digestion 
and ligated into pSBSO transposon vector28,29 digested with NheI and XhoI 
restriction enzymes. TCR transposons and pKan-CMV-SB11 transposase 
plasmid16 were purified with HiSpeed Plasmid Maxi Kit including Buffer 
ER to remove endotoxin (Qiagen, Valencia, CA). Final plasmid prepara-
tions were adjusted to final concentration >2.0 mg/ml in endotoxin-free 
water. Plasmid identities were confirmed by differential restriction enzyme 
digestion.

Sleeping Beauty transposition and expansion of T cells. Cryopreserved 
metastatic cancer patient PBMCs were thawed and rested in RPMI-1640 
media for 2 hours at 37 °C prior to electroporation. Nonadherent cells 
were harvested and spun at 200g for 10 minutes. For each electropora-
tion reaction, 2 × 107 PBMC were adjusted to 100 μl with Human T cell 
Nucelofector Solution (Lonza), 15 μg SB transposon (TCR) plasmid and 
5 μg SB11 transposase plasmid. T cells were electroporated on U-014 pro-
gram of the Nucleofector II device (Lonza) then moved to a single well of 
a six-well plate containing 6 ml transfection media. Mock electroporations 
without DNA (no TCR) were performed in parallel as negative control. 
The day after electroporation (day+1), electroporated cells (~107) were 
stained with 10 μl anti-mTCRβ-allophycocyanin antibody for 30 minutes 
at 4 °C.  Anti-allophycocyanin beads were added according to manufac-
turer’s instructions (Miltenyi Biotec, San Diego, CA) and mTCRβ+ T cells 
were captured on LS columns (Miltenyi Biotec). mTCRβ+ T cells were 
stimulated the same day with REP consisting of 2 × 107 γ-irradiated allo-
geneic PBMC (pooled from three donors), 30 ng/ml OKT3 antibody, 50 
IU/ml IL-2, 25 ng/ml IL-15, and 30 ng/ml IL-21. As negative control, 105 
mock (no TCR/DNA) T cells were stimulated in parallel. Cultures were fed 
complete media supplemented with IL-2, IL-15, and IL-21 every 2–3 days. 
Six donors were tested in two independent experiments. Samples were 
phenotyped for mTCRβ, CD3, CD4, and CD8 on days 1, 8, 15, 19, and 22 
with FACS Canto II (BD Biosciences). Flow cytometry data was analyzed 
on FlowJo (v10.0.6; FlowJo, Ashland, OR).

Tumor cell line coculture, IFNγ ELISA, and 41BB expression. ERBB2IP pep-
tides (10 μg/ml) were pulsed overnight at 37 °C on HLA-DQB*0601 EBV-
immortalized B cells to serve as ERBB2IPmut-TCR targets. Cocultures of 
tumor cell lines TC3713 (AHNAKS2580F ERBB2WT), TC3466 (AHNAKWT 
ERBB2H473Y), TC4046 (AHNAKWT ERBB2WT) or  peptide-pulsed B cells 
with transposed T cells (5 × 104 of each target and effector per well) 
were initiated in round bottom plates and incubated overnight at 37 °C. 
Supernatants were evaluated for IFNγ secretion by ELISA. Cells were 
stained for CD3, CD4, CD8, mTCRβ, and 41BB then assessed by flow 
cytometry.

IFNγ ELISPOT assay of TCR avidity to mutated peptide. Wild-type and 
mutated peptides were serially diluted 10-fold eight times starting at 20 μg/
ml and were then added to an equal volume of APCs. AHNAK and ERBB2 
peptides were pulsed for 2 hours at 37 °C on T2 cells (HLA-A*0201). 
ERBB2IP peptides were pulsed overnight at 37 °C on HLA-DQB*0601 
EBV-immortalized B cells. Cocultures of 5 × 104 target cells and 104 trans-
posed T cells were incubated overnight in IFNγ ELISPOT wells. The fol-
lowing day, ELISPOT plates were developed according to manufacturer’s 
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instructions (Mabtech, Cincinnati, OH) and spots were enumerated by 
Immunospot (Cellular Technology Limited, Shaker Heights, OH).

Intracellular staining and analysis of polyfunctional responses.  Wild-type 
and mutated peptides were pulsed as detailed for ELISPOT assays at 1 μg/
ml (AHNAK and ERBB2) or 10 μg/ml (ERBB2IP). Transposed T cells 
(5 × 104 per well) were preincubated with anti-CD107a antibody for 1 hour 
at 37 °C then mixed with an equal number of target cells (5 × 104) for 15 
hours coculture at 37 °C in round bottom plates. After 4 hours of coculture, 
GolgiPlug and GolgiStop (BD Biosciences) were added to inhibit exocy-
tosis of effector molecules. Cocultures were stained for surface expres-
sion of CD4, then fixed and permeabilized with BD Cytofix/Cytoperm 
(BD Biosciences) and stained for expression of IL-2, IFNγ, TNFα, CD3, 
CD8 and mTCRβ.66 Samples were acquired on BD LSR Fortessa (BD 
Biosciences) and analyzed with FlowJo using Boolean gating function.

Nonradioactive lysis assay. Specific lysis was assessed by lactate dehydro-
genase (LDH) Cytotoxicity Assay Kit according to manufacturer’s instruc-
tions (ThermoFisher Scientific, Grand Island, NY).43 Briefly, 105 tumor 
cells from either TC3713 or TC3466 cell lines were cocultured with 105 
TCR transposed T cells for 4 hours at 37 °C in phenol-free RPMI, 1% 
fetal bovine serum. Maximum lysis was achieved by addition of lysis buf-
fer per the kit’s instructions. Conditioned media (50 μl) was mixed 1:1 
with assay substrate and incubated for 30 minutes at ambient tempera-
ture. Absorbance was immediately read at 490 and 680 nm. Media alone, 
T cells alone, and tumor cells alone were used for background subtrac-
tion. Specific lysis was calculated by the following equation: % lysis = 100 
* (cocultured cells – T cells alone – media alone)/(tumor cells maximum 
– tumor cell minimum – media alone).
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