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ABSTRACT
Pediatric cancers, including Ewing sarcoma (ES), are only weakly immunogenic and the tumor-patients’
immune system often is devoid of effector T cells for tumor elimination. Based on expression profiling
technology, targetable tumor-associated antigens (TAA) are identified and exploited for engineered T-cell
therapy. Here, the specific recognition and lytic potential of transgenic allo-restricted CD8C T cells,
directed against the ES-associated antigen 6-transmembrane epithelial antigen of the prostate 1 (STEAP1),
was examined. Following repetitive STEAP1130 peptide-driven stimulations with HLA-A�02:01C dendritic
cells (DC), allo-restricted HLA-A�02:01¡ CD8C T cells were sorted with HLA-A�02:01/peptide multimers and
expanded by limiting dilution. After functional analysis of suitable T cell clones via ELISpot, flow cytometry
and xCELLigence assay, T cell receptors’ (TCR) a- and b-chains were identified, cloned into retroviral
vectors, codon optimized, transfected into HLA-A�02:01¡ primary T cell populations and tested again for
specificity and lytic capacity in vitro and in a Rag2¡/¡gc¡/¡ mouse model. Initially generated transgenic T
cells specifically recognized STEAP1130-pulsed or transfected cells in the context of HLA-A�02:01 with
minimal cross-reactivity as determined by specific interferon-g (IFNg) release, lysed cells and inhibited
growth of HLA-A�02:01C ES lines more effectively than HLA-A�02:01¡ ES lines. In vivo tumor growth was
inhibited more effectively with transgenic STEAP1130-specific T cells than with unspecific T cells. Our
results identify TCRs capable of recognizing and inhibiting growth of STEAP1-expressing HLA-A�02:01C ES
cells in vitro and in vivo in a highly restricted manner. As STEAP1 is overexpressed in a wide variety of
cancers, we anticipate these STEAP1-specific TCRs to be potentially useful for immunotherapy of other
STEAP1-expressing tumors.

KEYWORDS
Allo-restricted T cells; Ewing
sarcoma; STEAP1; TCR-
transgenic T cells

Introduction

Ewing Sarcoma (ES) is an aggressive bone and soft tissue tumor
with a peak incidence in adolescents and young adults.
Although prognosis for patients with localized ES has improved
during the past years, metastatic and recurrent disease still rep-
resents a therapeutic problem with an overall 5-y survival of
less than 30%.1,2 Especially, multifocal bone disease and early
relapse are associated with poor prognosis.3 Bone marrow
involvement is a catastrophic event with little chance of cure,
even with high-dose therapies including allogeneic stem-cell
transplantation (SCT). Furthermore, current treatment regi-
mens are associated with high toxicity, prompting the search
for new therapeutic treatment modalities.

Allogeneic SCT is an established treatment for leukemia and
is explored as a treatment for a variety of other hematologic
and non-hematologic malignancies,4 but seems less effective in

solid cancers.5 In ES patients, allogeneic SCT represents a ther-
apy option,6-8 but is limited by the extraordinary toxicity of
allogenic SCT5,9,10 and is not efficacious in patients with bone
marrow involvement (Uwe Thiel, personal communication).

During the past 15 y, methods emerged to identify, isolate
and expand tumor-peptide-specific allo-restricted T cells ex
vivo.11-14 Further, characterization, cloning and expression of
tumor-specific T cell receptors (TCRs) derived from such T
cells and their subsequent expression in T cells for adoptive
transfer15 is now an established procedure. Landmark clinical
trials with a TCR specific for NY-ESO-1 already demonstrated
the great potential of this approach.14,16,17

Allo-restricted TCRs have the additional advantage that they
can be used to target tumor-associated antigens (TAA), over-
coming the problem of negative selection of high-affinity TCRs
within the thymus during development.5,12,13
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We previously identified a number of genes that are highly
upregulated in ES18 with the 6-transmembrane epithelial anti-
gen of the prostate 1 (STEAP1) being one of them. In addition
to ES, where STEAP1 influences the invasive behavior and oxi-
dative stress phenotype,19 STEAP1 is also overexpressed in
many cancers including prostate and bladder carcinoma,20 but
almost absent in normal tissues, except for urothelium and
prostate.

In this study, we selected allo-restricted tumor-antigen-spe-
cific T-cell lines from an allo-reactive T cell pool, based on an
HLA-A�02:01-multimer approach using peptides derived from
STEAP1. We identified the specific TCRs from these T-cell
lines, engineered transgenic, allo-restricted cytotoxic T cells
directed against STEAP1 and demonstrate their in vitro and in
vivo efficacy, rendering them a personalized treatment option
for patients with STEAP1-expressing tumors.

Results

STEAP1130 is a suitable target peptide for adoptive cellular
therapy (ACT)

We previously identified STEAP1 being highly overexpressed
in primary ES, influencing proliferation and invasiveness of
this tumor via alteration of intracellular reactive oxygen species
(ROS) levels.19 Apart from minor expression in prostate and
urothelium, STEAP1 is only weakly expressed in normal tissues
(Figs. S1 and S2A). To determine a suitable STEAP1 peptide
that could be targeted by cytotoxic T cells, in silico prediction
of HLA-A�02:01 binding and proteasomal cleavage was per-
formed using BIMAS, NetCTL and SYFPEITHI web tools.
Scores of various peptides calculated from three algorithms are
shown in Table S1. Subsequently, we performed binding assays,
wherein TAP transporter-deficient HLA-A�02:01C T2 cells
were loaded with varying concentrations of the relevant peptide
and analyzed by flow cytometry. STEAP1130 (YLPGVIAAI)
manifested to be the best HLA-A�02:01 binder with affinities
comparable to the well-described influenza (GILGFVFTL) pep-
tide (Fig. S3) and was used for subsequent in vitro priming of
CD8C T cells.

STEAP1130 T cell line specifically recognizes target
structures

For the generation of allo-restricted STEAP1130-specific
cytotoxic T cells, HLA-A�02:01¡ CD8C T cells were primed
with peptide-loaded HLA-A�02:01C mature dendritic cells
(DC). After 14 d of co-cultivation, cells were specifically stained
by HLA-A�02:01/STEAP1130 multimer and anti-CD8 mAb.
Double positive cells were FACS sorted and expanded via limit-
ing dilution (Fig. S4A). Several lines of STEAP1130-multimerC

CD8C T cells with specific recognition of STEAP1130 peptide-
loaded T2 cells and HLA-A�02:01C ES (Figs. S4B and S4C)
were further expanded. One line (P2A5) was subsequently
characterized in detail. This line stained positive for the HLA-
A�02:01/STEAP1130 multimer (Fig. 1A) and was able to specifi-
cally recognize STEAP1130 peptide-loaded T2 cells (Fig. 1B) as
well as STEAP1CHLA-A�02:01C ES cell lines in interferon-g
(IFNg) ELISpot assays, whereas HLA-A�02:01¡ or STEAP1-

negative cells were not recognized (Fig. 1C). The HLA-
restricted detection of ES cells was reduced after blocking target
cells with MHC-I-specific antibody W6.32 (Fig. 1D). The quan-
tity of released IFNg corresponded to the quantity of presented
peptide, since less IFNg was secreted after specific siRNA medi-
ated knock down of STEAP1 in A673 ES cells (Fig. 1E and
Figs. S2B, C). Additionally, decreasing amounts of IFNg release
were observed after down-titration of STEAP1130 peptide onto
T2 cells (Fig. 1F). To confirm processing and transport of the
predicted STEAP1130 nonamer to the surface of target cells,
Cos7 cells were double-transfected with HLA-A�02:01 and
STEAP1 cDNA or GFP, respectively. T cells released markedly
more IFNg upon co-incubation with STEAP1-transduced cells
than upon incubation with GFP controls (Fig. 1G), verifying
processing and presentation as well as specific recognition of
the target nonamer.

STEAP1130 T cell line specifically inhibits growth of target
cells

To show the ability of the STEAP1130-specific T cell line P2A5
to lyse target cells, we examined the release of granzyme B
(GB) after co-incubation with HLA-A�02:01C STEAP1C double
positive target cells A673 and TC-71 and HLA-A�02:01¡ cells
SK-N-MC, SB-KMS-KS1 and K562 as controls. T cells released
GB upon incubation with HLA-A�02:01C STEAP1C cells in a
dose-dependent manner. Only baseline recognition was
observed after stimulation with negative controls (Fig. 2A). To
further demonstrate the direct inhibition of ES cell growth, an
impedance-based xCELLigence assay was performed, where a
rapid lysis of A673 cells was observed after administration of
T cell line P2A5, but almost no killing of HLA-A�02:01¡ ES
cell line SK-N-MC (Fig. 2B). The rate of killing was cell concen-
tration-dependent as shown in Fig. 2C.

Cloning and expression of STEAP1130-specific TCRs

Clonality of TCR line P2A5 and the TCR repertoire of addi-
tional STEAP1130-specific, allo-restricted cytotoxic T-cells lines
was determined using degenerated primers for the amplifica-
tion and subsequent sequencing of TCR a- (TRAV) and TCR
b-chains (TRBV). Sequence analysis revealed the TCR of line
P2A5 to be dominant and this TCR was expressed in all of the
three characterized STEAP1130-specific T cell lines, subse-
quently referred as STEAP1P2A5 T-cell clone. The identified
TCR comprised TRAV38-2 and TRBV7-9 based on the Inter-
national Immunogenetics nomenclature (Fig. 3A). For subse-
quent analysis, both TCR chains were either codon optimized
and minimally murinized (humm)21 or cloned as wild-type
(wt) sequence, linked with a self-cleaving P2A element into a
pMP-71 retroviral backbone. Sequences for both constructs are
documented in Table S2. For expression of STEAP1P2A5 in pri-
mary human T cells, RD114-pseudotyped retroviruses were
used. We analyzed transduction of the TCRs into naive T cells
and PBMCs, respectively, with transduction rates of up to 80%
as analyzed by HLA-multimer staining in flow cytometry
(Fig. 3B). Comparable transduction rates were obtained for wt
and humm STEAP1P2A5 TCRs (data not shown). Results
obtained with wt STEAP1P2A5 TCRs are shown below.
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STEAP1P2A5 TCR-transgenic T cells revealed similar
recognition patterns as T-cell clone P2A5

We then used the protocol of Cieri and colleagues22 for
the infection and generation of STEAP1P2A5 TCRs trans-
genic stem-cell-memory-like T cells (TSCM). Accordingly,
we stimulated naive T cells with anti-CD3/CD28 magnetic
beads and moderate amounts of rhIL-7 and rhIL-15
(5 ng/mL) during infection. The transgenic CD8C T cells

stained positive with the STEAP1130-specific HLA-multi-
mer and revealed a stem-cell-memory-like phenotype
(CCR7CCD62LCCD45RACCD45R0CCD95C, Fig. 3C). In
addition, the STEAP1P2A5 TCR-transgenic T cells were
able to release IFNg upon stimulation with STEAP1130

peptide-pulsed T2 cells as well as HLA-A�02:01C ES cell
lines, whereas negative controls were not recognized
(Figs. 4A and 4B). The STEAP1130 peptide avidity of
STEAP1P2A5 TCR-transgenic T cells was diminished in

Figure 1. ES specificity of STEAP1130-specific T cell line P2A5. (A) Multimer staining of STEAP1130-P2A5 with CD8-APC and specific HLA-A�02:01/STEAP1130 multimer
(bottom) or irrelevant multimer as control (top) (B–D), IFNg release of STEAP1130-P2A5 during co-culture with STEAP1130 and influenza-pulsed T2 cells, respectively. (B)
HLA-A�02:01C (A673, TC71) and HLA-A�02:01¡ (SB-KMS-KS1, SK-N-MC, K562) tumor cells expressing STEAP1 or lacking STEAP1 expression (MHH-NB11). (C) TC-71 cells
with and without MHC-I specific blocking mAB W6.32. (D) A673 cells with and without STEAP1 knock down. (E) T2 cells pulsed with titrated amounts of STEAP1130

peptide. (F) Cos 7 cells transfected with HLA-A�02:01 and either STEAP1 or GFP. (G) All analyzed in triplicates via IFNg ELISpot. Error bars indicate SEM. p values < 0.05
were considered as statistically significant (�p< 0.05; ��p < 0.005; ���p < 0.0005).
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comparison to the initial T cell clone P2A5, but killing of
target cells occurred with comparable efficacy (Figs. 4C
and 4D). Furthermore, lysis of target cells was antigen
dependent, as shown in a cytotoxicity assay with A673
cells (A673pSineg) expressing wt amounts of STEAP1 or
A673 cells with a STEAP1 knock-down (A673pSiSTEAP1)
(Fig. 4E).19 The recognition of STEAP1130 in the context
of HLA-A�02 was not restricted to HLA-A�02:01, as
STEAP1P2A5 TCR-transgenic T cells released IFNg upon
co-incubation with STEAP1130 peptide-pulsed HLA-
A�02:09C and HLA-A�02:17C LCL cell lines (Fig. 4F).

Transgenic STEAP1130-specific TSCM inhibit tumor growth in
a Rag2¡/¡gc¡/¡ mouse model

To examine in vivo efficacy of stem-cell-like STEAP1P2A5 TCR-
transgenic T cells, immune-deficient Rag2¡/¡gc¡/¡ mice were
inoculated subcutaneously (s.c.) with 2 £ 106 A673 cells and in
a first experiment, 4 d later, i.p. injected with 3 £ 106

STEAP1P2A5 TCR-transgenic CD8C TSCM cells together with 5
£ 106 CD8C-depleted, autologous PBMCs or with unspecific
PBMCs as a control (Fig. 5A), respectively. Tumor size and
CD8C T-cell infiltration into spleen, blood and tumor were
analyzed after 17 d. Human CD8C T cell engraftment could be
detected in mice of both treatment groups, but only tumors of
animals treated with specific T cells showed CD8C T cell infil-
tration (Fig. 5B). Furthermore, tumors of animals treated with
STEAP1P2A5 TCR-transgenic TSCM were markedly reduced,
compared to animals treated with unspecific PBMCs (Fig. 5C).
In a second experiment, we increased the T cell dose and the
mice received either 5 £ 106 wt or humm STEAP1P2A5 TCR-
transgenic CD8C TSCM cells or unspecific CD8C T cells
together with 5 £ 106 CD8C-depleted autologous PBMCs.
Tumor size and total photon flux of luciferase-transduced
A673 tumors were analyzed. Tumor growth was markedly
delayed in animals treated with STEAP1P2A5 TCR-transgenic T
cells, compared to mice receiving unspecific CD8C T cells
(Figs. 5D and 5E, Fig. S5A). Finally, tumor size in animals

treated with STEAP1P2A5 TCR-transgenic CD8C T cells was
significantly reduced, compared to the group of mice receiving
unspecific CD8C T cells (Fig. 5F). We observed no difference
between animals receiving wt or humm STEAP1P2A5 TCR-
transgenic TSCM. Manual counting of CD3C cells in histological
sections demonstrated a stronger tumor infiltration by adminis-
tered T cells in animals receiving STEAP1P2A5 TCR-transgenic
CD8C TSCM cells, compared to animals receiving unspecific T
cells (Figs. S5A and S5B).

Discussion

ES appear weakly immunogenic, presumably due to the activ-
ity of tumor-associated macrophages,23 a high proportion of
bone marrow T cells with regulatory phenotype24 and the
low mutation rate observed for this tumor.25-28 However,
the addition of adjunctive, immune-activating therapies
during first remission demonstrated the potential to reduce
recurrence rates and exploit immunotherapy approaches for
ES patients.29

Balanced chromosomal EWS/ETS translocations that give
rise to oncogenic chimeric proteins (EWS-ETS), the most com-
mon being EWS-FLI1 as a consequence of the t(11;22)(q24;
q12) translocation,30,31 are the characteristic driver event of ES
tumorgenesis.32 However, despite an MHC-class-II-restricted
peptide derived from the fusion region of EWS-FLI1 that is
able to initiate a CD4C T-cell response,33 no immunogenic ES-
specific MHC-class-I-binding peptides derived from this fusion
region have been identified,34 prompting the search for further
immunogenic epitopes of this disease.

STEAP1 is a part of an ES-specific signature identified previ-
ously.18 STEAP proteins are homologs of NADPH-oxidases
(NOX), involved in cellular ROS metabolism and frequently
overexpressed in cancers. We demonstrated that STEAP1 is
induced by EWS-FLI1 and that its expression promotes prolif-
eration, invasiveness, anchorage-independent colony forma-
tion, tumorigenicity and metastasis of ES cells,19 as well as
impacting on patient survival.35 Apart from minor expression

Figure 2. Antitumor reactivity of STEAP1130-specific T cell clone P2A5. (A) Effector:target ratio- (E/T) dependent granzyme B release of STEAP1130-P2A5 after co-culture
with various tumor cell lines. (B) Target-specific tumor cell lysis of A673 and SK-N-MC (E/T: 10) by STEAP1130-P2A5, detected via xCELLigence assay. (C) E/T-dependent
timeframe needed for killing of 50% of tumor cells (kt50) by STEAP1

130-P2A5.
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in prostate and urothelium, STEAP1 is only weakly expressed
in normal tissues.36

Controversial results have been observed with autologous
SCT for patients with high risk or recurrent ES. Whereas some
studies reported improved disease-free survival over historical
controls,37-39 others observed no long-term benefit compared
to conventional therapies.40,41 Further, there was no improve-
ment of survival of ES patients receiving reduced intensity con-
ditioning compared to high-dose conditioning prior to
allogeneic SCT with HLA-matched grafts, implicating absence
of a clinically relevant graft versus ES effect.42

T-cell recognition of conventional and allogeneic antigens
share similarities.43,44 Allo-restricted T cells mainly recognizing
peptide in the context of specific MHC, are now easily isolated
from an allogeneic T cell population by the use of peptide
MHC multimers.13,15 Using this technique, we succeeded in
establishing T cell clones directed against the HLA-A�02:01-
restricted STEAP1130 peptide (YLPGVIAAI) that turned out to

be the best HLA-A�02:01-binding peptide and generated an
allo-restricted, cytotoxic CD8C T-cell response, able to kill ES
cells specifically in an HLA-A�02:01-restricted fashion. We
choose HLA-A�02:01 due to its dominant expression in the
Caucasian population (around 50%) and similar prevalence in
ES patients.45 The STEAP1130 peptide (YLPGVIAAI) was not
only well recognized by allo-restricted T cells but similarly
seemed processed and presented on HLA-A�02:01, based on
HLA-A�02:01 and STEAP1 cDNA co-transfection experiments
into Cos-7 cells.

The subsequent characterization of the STEAP1130 peptide-spe-
cific TCRs suggested the presence of a dominant T-cell response
since in all of the three analyzed STEAP1130-specific T-cell clones
the same TCRwas present.We codon-optimized variable andmin-
imally murinized constant TRAV and TRBV domains to increase
expression based on higher affinity of murine sequences to human
CD346 and specific hetero-dimerization. STEAP1P2A5 TCR-trans-
genic T cells turned out to be similarly effective in comparison to

Figure 3. Generation of STEAP1130 TCR-transgenic TSCM. (A) Identification of TCR a- (TRAV) and b- (TRBV) chains via PCR. Additionally, a scheme of the TCR construct,
containing either minimal murinized and codon optimized (humm) or wild type (wt) TCR a- and b-chains linked with a self-cleaving P2A element and integrated into the
pMP-71 vector is shown. (B) Multimer staining of STEAP1130 TCR-transgenic T cells with CD8-APC and HLA-A�02:01/STEAP1130 multimer (bottom) or irrelevant multimer
as control (top). (C) Dot plots of T cells, co-stained with CCR7-PE/CD95-APC, CD45R0-PE/CD62L-APC and histogram plot of CD45RA-PE stained CD8C T cells.
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the native T cell clone P2A5, although a decreased avidity of the
STEAP1P2A5 TCR-transgenic T cells toward the STEAP1130 pep-
tide was observed, which has previously also been described for
other transgenic TCRs.5

The STEAP1130-restricted TCRs, even though isolated from an
allogeneic T-cell population, seemed HLA-A2-restricted and pep-
tide-specific, since we did not observe any cross-reactivity against
other MHC molecules or STEAP1-negative cell lines. STEAP1130

peptide presentation on other HLA class I molecules generated a
T-cell response upon co-incubation of HLA-A�02:09C and HLA-
A�02:17C LCL cell lines pulsed with STEAP1130 peptide, indicating
the ability of this peptide to bind onto and be recognized on HLA-

A2-relatedMHC class I molecules. Furthermore, analysis of in vivo
efficacy of STEAP1P2A5 TCR-transgenic T cells did not cause any
overt adverse effects and tissue toxicity in immune-deficient
Rag2¡/¡gc¡/¡ mice.47 However, further toxicity testing of this
TCR before transfer into the clinic is designated in future
experiments.

What type of donor T cell will be most appropriate for
TCR gene transfer is under intense investigation. Recent
results suggest that virus-specific central memory T cells are
good candidates,48 but others also propose that certain char-
acteristics of naive T cells may possess superior traits for
adoptive T cell immunotherapy.49 For instance, in a study in

Figure 4. Antigen specificity of STEAP1130 TCR-transgenic CD8C T cells. (A–C) IFNg release of STEAP1P2A5 TCR-transgenic T cells during co-culture with STEAP1130- and
influenza-pulsed T2 cells, respectively. (A) HLA-A�02:01C (A673, TC71) and HLA-A�02:01¡ (SB-KMS-KS1, SK-N-MC, K562) tumor cells expressing STEAP1. (B) T2 cells pulsed
with titrated amounts of STEAP1130 peptide. (C) All analyzed in triplicates via IFNg ELISpot. Error bars indicate SEM. p values < 0.05 were considered as statistically signifi-
cant (���p< 0.0005). (D) Target-specific tumor cell lysis of A673 and SK-N-MC (E/T: 10) by STEAP1130 TCR-transgenic T cells, detected via xCELLigence assay. (E) T cell dose-
dependent lysis of A673 cells after STEAP1 knock down (A673pSiSTEAP1, see supplementary information) in comparison to control transfected A673 cells (A673pSineg),
2 h after T cell inoculation. (F) IFNg release of STEAP1P2A5 TCR-transgenic T cells upon co-culture with STEAP1130 peptide-loaded or unloaded, respectively, LCL cell lines
in the context of various HLA-A subtypes.

e1175795-6 D. SCHIRMER ET AL.



mice, it was demonstrated that a single naive T cell can
expand in vivo and give rise to effector, central memory and
effector memory T cells.50 In vitro human naive T cells can be
easily transduced, demonstrated superior tumor cell elimina-
tion, and stronger proliferation while retaining longer telo-
meres,50 all desired properties for future therapeutic T cells.
For the generation of STEAP1P2A5 TCR-transgenic T cells, we

used the protocol of Cieri and colleagues.22 The transgenic
CD8C T cells stained positive with the STEAP1130-specific
HLA-A�02:01-multimer and revealed a stem-cell-memory-like
phenotype (CCR7CCD62LCCD45RACCD45R0CCD95C). They
were able to release IFNg upon contact with their specific
target antigen. Tumor growth was markedly delayed in
tumor-bearing animals treated with STEAP1P2A5 TCR-

Figure 5. In vivo anti ES reactivity of STEAP1130TCR-transgenic TSCM. 2 £ 106 A673 cells were injected into the groin of Rag2¡/¡gc¡/¡ mice. Animals were irradiated on
day 3 (3.5 Gy) and received 5 £ 106 T cells the day after. 1.5 £ 107 human IL-15 producing cells were injected twice a week i.p. (A) Scheme of the experimental set-up
for in vivo experiments. (B–C) Animals treated with either human codon optimized/minimal murinized (humm) STEAP1P2A5 TCR-transgenic (tg) T cells or unspecific PBMCs
were analyzed 17 d after inoculation with A673 cells. (B) FACS analysis of blood, spleen and tumor of animals. Whole blood was stained with anti-human CD45 mAb and
anti-human CD8 mAb. Percentages of double positive cells are given. A representative experiment of three mice per group is shown. (C) Analysis of total tumor weight,
each dot corresponds to one animal. (D–F) Animals received 2 £ 16 luciferase expressing A673 cells and were irradiated on day 3 (3.5 Gy). One day later, 5 £ 106

STEAP1P2A5 TCR-transgenic TSCM were injected i.p. (D) Total photon flux (p/s) of luciferase expressing A673 cells, 3 d after i.p injection of either wild type (wt) or humm
STEAP1-transgenic TSCM or unspecific CD8C T cells, respectively. (E) Fold change of total photon flux 3 d after i.p injection of either wt or humm STEAP1-transgenic TSCM
or unspecific CD8C T cells, respectively. (F) Absolute tumor weight of tgSTEAP1wt- or tgSTEAP1humm-treated animals and unspecific CD8C T-cell-treated controls, 17 d
after initial tumor cell injection. Each dot corresponds to one animal.
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transgenic TSCM compared to mice receiving unspecific PBMC
or unspecific CD8C T cells.

Thus, we demonstrated here the generation of highly
specific and efficacious STEAP1P2A5 TCR-transgenic T cells,
able to recognize and inhibit the growth of STEAP1-
expressing HLA-A�02:01C ES cells in vitro as well as in vivo
in a highly restricted fashion. These STEAP1-specific TCRs
are potentially useful for immunotherapy of other STEAP1-
expressing tumors and may already yet open the avenue for
new therapeutic strategies, such as allogeneic stem cell and
effector cell transplantation for the treatment of patients
with STEAP1-positive tumors.

Materials and methods

Cell lines

ES cell lines TC-71 and SK-N-MC as well as the neuroblas-
toma cell line MHH-NB11 were obtained from the German
Collection of Microorganisms and Cell Cultures (DSMZ).
A673 (ES cell line) and Cos7 (Simian SV40-transformed
fibroblasts) were obtained from ATCC (LGC Standards
GmbH). TAP-transporter-deficient HLA-A�02:01C (HLA-
A2) T2 cells were from P Cresswell (Yale University School
of Medicine, New Haven, CT, USA). K562 (erythroid leuke-
mia cell line) was a gift from A Knuth and E J€ager
(Krankenhaus Nordwest, Frankfurt, Germany). The
HLA-A�02:01¡ ES cell line SB-KMS-KS1 (former SBSR-
AKS) was described previously.13 Retroviral packaging cell
line RD114 was a gift of Manuel Caruso (Center de
Recherche en Canc�erologie, Quebec, Canada). Human IL-15
producing NSO cells were a kind gift of S. Riddell (Seattle,
Washington, USA). LCL cell lines (kindly provided by A.
Krackhardt), expressing various common HLA subclasses
were routinely tested for HLA-A�02:01 status. All ES and
neuroblastoma cell lines were cultured in RPMI 1640
medium (Invitrogen) containing 10% FBS (Biochrom) and
100 U/mL penicillin and 100 mg/mL streptomycin (Invitro-
gen). For LCL and T2 cells, RPMI 1640 medium was addi-
tionally provided with 1mM Na-pyruvate and non-essential
amino acids (Invitrogen). T cell clones as well as transgenic
T cells were cultured in AIM-V medium (Invitrogen) con-
taining 5% human AB serum (Lonza) and antibiotics
(T cell medium, TCM). DCs were cultivated in X-VIVO 15
medium (Lonza) enriched with 1% human AB serum and
no antibiotics. RD114 packaging cells and hIL-15 producing
NSO cells were cultured in DMEM containing 10% FBS,
1 mM Na-pyruvate, 1 mM non-essential amino acids and
antibiotics. All cell lines were present for more than 6 mo
in the lab and routinely tested for purity (e.g. EWS-FLI1
translocation product, surface antigen expression or HLA-
phenotype) and Mycoplasma contamination.

In silico prediction of suitable HLA-A�02:01-binding
peptides

An in silico analysis of STEAP1 peptide nonamers was executed
to find feasible targets for adoptive cell transfer (ACT). We
used BIMAS, NetCTL and SYFPEITHI algorithm tools to check

for HLA-A�02:01 binding and proteasomal cleavage as well as
TAP transport. Peptides that were among the top 10 binders of
all the three web tools and at least the top five in one were
chosen for further analysis.

HLA-A�02:01-binding assay

To confirm suitable presentation of STEAP1-derived peptides
to HLA-A�02:01, predicted by the in silico analysis, a binding
assay using the TAP transporter-deficient T2 cell line was per-
formed. 50 and 100 mM as well as titrated amounts of various
STEAP1 peptide nonamers were loaded onto T2 cells for 16 h
at 37�C and 5% CO2. Subsequently, stabilized HLA-A2 mole-
cules on the cell surface were stained with a FITC-conjugated
anti-HLA-A2 antibody (BD Bioscience) and fluorescence
intensity compared to a well-established influenza peptide
(GILGFVFTL).

Isolation of PBMCs

The PBMCs human peripheral blood samples (obtained with
IRB approval and informed consent from the DRK-Blutspende-
dienst Baden-Wuerttemberg-Hessen, Ulm, Germany) were iso-
lated via density-gradient centrifugation using ficoll paque (GE
Healthcare), according to the supplier’s instructions.

Generation of dendritic cells (DC)

After isolation of PBMCs out of a healthy HLA-A�02:01C

donor, CD14C monocytes were isolated using anti-human
CD14 magnetic particles (BD Bioscience), according to the sup-
plier’s instructions. 100 ng/mL rhIL-4 (R&D) and 800 U/mL
rhGM-CSF (ImmunoTools) were added and replaced on day 3
to induce transformation into DCs. Addition of a cytokine
cocktail containing 1,000 U/mL rhIL-6 (R&D), 10 ng/mL rhIL-
1b (Pan Biotech), 10 ng/mL rhTNF-a (R&D) and 1 mg/mL
PGE2 (Cayman Chemicals) on day 5 induced maturation of
DCs. On day 9, cells were checked for maturation markers
CD83, CD86 and HLA-DR by flow cytometry.

Isolation of CD8C T-cell subtypes

To obtain an untouched CD8C T-cell population, the irrelevant
cell populations of healthy HLA-A�02:01¡ donor PBMCs were
magnetically labeled using the human CD8C T-cell isolation kit
(Miltenyi) and subsequently depleted on LS columns (Milte-
nyi), following the manufacturer’s instructions. For further iso-
lation of untouched naive CD8C T cells, cytotoxic T cells were
enriched for CCR7CCD45RAC cells, using the Naive Pan T-cell
Isolation Kit (Miltenyi) according to the supplier’s protocol.

In vitro priming

Mature DCs were pulsed with 38 mM STEAP1130 peptide, sup-
ported by 20 mg/mL b2-microglobulin (Sigma Aldrich), in TCM
for 4 h at 37�C and 5% CO2. Subsequently, untouched CD8C T
cells from a HLA-A�02:01¡ healthy donor were co-cultured with
pulsed DCs in TCM, containing 10 ng/mL rhIL-12 (Pan Biotech)
and 1,000 U/mL rhIL-6 for 1 week at an effector to target ratio of
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1:20. After one week, T cells were re-primed with the same amount
of peptide-loaded DCs together with 100 U/mL rhIL-2 (Novartis)
and 5 ng/mL rhIL-7 (R&D).

Multimer staining and FACS sorting

For FACS sorting of STEAP1130-specific T cells, cells were
pooled after 2 weeks of co-culture and stained with HLA-
A�02:01/STEAP1130-specific phycoerythrin (PE) labeled multi-
mers (home-made, as previously described51) and anti-CD8
monoclonal antibody (mAb, BD Bioscience). Isotype IgG (BD
Bioscience) and irrelevant multimer served as controls. Sorting
was performed on a FACS Aria (BD Bioscience) at the Institute
of Medical Microbiology (TUM).

Expansion of STEAP1130 specific T cell clones

After sorting, STEAP1130-specific CD8C T cells were expanded
via limiting dilution in 96-well round bottom plates. Irradiated
LCLs (100 Gy) and PBMCs (30Gy) of five different donors
served as feeder cells. Cells were activated using 30 ng/mL anti-
CD3 mAb (Okt3), 100 U/mL rhIL-2 and 2 ng/mL rhIL-15
(R&D). After 7 d, the medium and cytokines were refreshed.
Expanded cells were subsequently tested in ELISpot and xCEL-
Ligence assays.

Functional characterization of T cell clone P2A5
and STEAP1130-transgenic T cells

To test expanded T cell lines and transgenic T cells for their
specificity, IFNg and GB release upon co-incubation with target
cells and controls, respectively, was examined using ELISpot
assays (Mabtech), according to the supplier’s instructions.
Effector and target cells were incubated for 20 h at 37�C and
5% CO2 at a ratio of 1:20. To monitor in situ cytotoxicity of T
cells, an impedance-based xCELLigence assay (Roche Diagnos-
tics) was performed, enabling continuous tracking of effector
cell activity against ES cell lines A673 and SK-N-MC. Growth
curves of untreated tumor cells served as controls.

Cell lines with STEAP1 knock down

ES cell lines with stable silencing of STEAP1 expression were
previously described.19

Identification of TCR Va- and Vb-chain and synthesis
of retroviral TCR construct

To identify the TCR Va- and Vb-repertoire of specific T cell
clones, we used a set of degenerated PCR primers, covering a
bulk of published Va- and Vb-chains, to amplify specific TCR
Va- and Vb-chains.12,15 After separating the PCR products in
an agarose gel, specific DNA fragments were excised and
sequenced. The resulting sequence was analyzed using the
IMGT database. Afterward, a fully functional TCR was
designed using the GeneART® Gene Synthesis web tool. To this
end, Va- and Vb-chains of the TCR were complemented with
their respective constant chain, linked with a self-cleaving P2A
element and integrated into a pMP-71 retroviral backbone.12,15

In addition to the native TCR (wt), a human codon optimized
and minimal murinized TCR (humm) was designed. Sequences
of both TCRs are given in Table S2.

Retroviral transduction of T cells

The fully functional TCR was transduced into human PBMCs
or TSCM, using the retroviral vector pMP-71. Briefly, PBMCs
were activated with an anti-CD3 mAb and 100 U/mL IL-2.
Two days later, spin transduction was performed using high-
titer virus supernatant produced by the packaging cell line
RD114. Infection was repeated on the following day and trans-
duction success determined via FACS staining after one week.
For the generation of transgenic TSCM, naive CD8

C T cells were
activated with aCD3/CD28 beads (Invitrogen), at a bead to cell
ratio of 3:1, together with 5 ng/mL rhIL-7 and rhIL-15 followed
by an identical transduction procedure.

In vivo activity of transgenic T cells

To investigate the in vivo activity of transgenic T cells in an ini-
tial experiment, we injected 2 £ 106 A673 cells s.c. into the
groin of Rag2¡/¡gC¡/¡ mice (BALB/c background, obtained
from the Central Institute for Experimental Animals, Kawasaki,
Japan). Animals were irradiated sub-lethally (3.5 Gy) on day 3
followed by i.p injection of 3 £ 106 STEAP1P2A5 TCR-trans-
genic CD8C TSCM cells together with 5 £ 106 CD8C-depleted,
autologous PBMCs or unspecific PBMCs of a HLA-A�02:01¡

donor, respectively, the day after. Twice a week, 1.5 £ 107 irra-
diated (80 Gy) hIL-15 producing NSO cells were injected i.p.
The experiments were stopped at day 17 and tumors were
weighed and analyzed for T-cell infiltration using flow cytome-
try. Subsequently, a second experiment was performed where
animals were inoculated s.c. with 2 £ 106 luciferase expressing
A673 cells and 4 d later i.p. injected with 5 £ 106 STEAPP2A5

TCR-transgenic CD8C TSCM cells together with 5 £ 106 CD8C-
depleted, autologous PBMCs or unspecific CD8C T cells,
respectively. After 17 d, tumors were weighed and analyzed for
immune cell infiltration by immunohistochemistry. Addition-
ally, tumors were evaluated by measuring total photon flux
after administration of 150 mg luciferin/kg body weight (Cali-
per life science).

Statistical analysis

Descriptive statistics is used to determine parameters like mean,
standard deviation and standard error of the mean (SEM). Dif-
ferences were analyzed by unpaired 2-tailed student’s t-test as
indicated using Excel (Microsoft) or Prism 5 (GraphPad Soft-
ware); p values < 0.05 were considered statistically significant
(�p < 0.05; ��p < 0.005; ���p < 0.0005).
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