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Adoptive transfer of T cells engineered with a cancer-specific
T cell receptor (TCR) has demonstrated clinical benefit. How-
ever, the risk for off-target toxicity of TCRs remains a concern.
Here, we examined the cross-reactive profile of T cell clone
(7B5) with a high functional sensitivity for the hematopoietic-
restrictedminor histocompatibility antigenHA-2 in the context
of HLA-A*02:01. HA-2pos Epstein-Barr virus-transformed B
lymphoblastic cell lines (EBV-LCLs) and primary acute myeloid
leukemia samples, but not hematopoietic HA-2neg samples, are
effectively recognized. However, we found unexpected off-
target recognition of human fibroblasts and keratinocytes not
expressing the HA-2 antigen. To uncover the origin of this
off-target recognition, we performed an alanine scanning
approach, identifying six out of nine positions to be important
for peptide recognition. This indicates a low risk for broad
cross-reactivity. However, using a combinatorial peptide library
scanning approach, we identified aCDH13-derived peptide acti-
vating the 7B5 T cell clone. This was confirmed by recognition
of CDH13-transduced EBV-LCLs and cell subsets endogenously
expressing CDH13, such as proximal tubular epithelial cells. As
such, we recommend the use of a combinatorial peptide library
scan followed by screening against additional cell subsets to
validate TCR specificity and detect off-target toxicity due to
cross-reactivity directed against unrelated peptides before
selecting candidate TCRs for clinical testing.
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INTRODUCTION
Immunotherapy has obtained a prominent role in the field of oncology
and has proven valuable in the treatment of different types of tumors.
A range of immunotherapies are under development, varying from
chimeric antigen receptors (CARs),1 expanding tumor-infiltrating
lymphocytes (TILs)2,3 and T cell receptor (TCR)-transduced effector
cells.4,5 Various studies successfully make use of TCR-engineered
T cells to enhance patients’ adaptive immune responses against malig-
nancies, demonstrating potent anti-tumor reactivity.6–9

No matter how promising therapies using TCR-engineered T cells
may be, they come with side effects and risks. T cells are naturally
checked for recognition of self-peptides in the context of self-human
leukocyte antigen (HLA) and deleted in the thymus if this recognition
is too strong, in a process called negative selection.10 This selection
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process is absent or non-optimal when TCRs are derived from
donors with mismatched HLA typing, when they are isolated from
humanized mouse models expressing only one HLA molecule and
no human proteins, or when TCRs are structurally altered for affinity
enhancement.11,12

Affinity enhancement of TCRs can result in both on- and off-target
toxicity.13 Recent examples of clinically tested TCRs directed against
MAGE-A3 andMART-1 demonstrated severe toxicities.12,14–17 In the
clinical trial testing a modified anti-MAGE-A3 TCR, derived from
immunization of HLA-A*02:01 transgenic mice, two out of nine
cancer patients developed fatal on-target neurological toxicity, due
to recognition of a peptide derived from the same gene family
that is expressed in the brain.15 In another trial, where an affinity-
enhanced anti-MAGE-A3 TCR was tested in myeloma and mela-
noma patients, two patients died of off-target toxicity caused by
recognition of a completely different peptide, resulting in severe
myocardial damage.12,17 These clinical cases show how difficult it is
to predict the exact specificity and the resulting effects of TCRs that
did not undergo optimal thymic selection. It is crucial to develop stra-
tegies to extensively validate the exact specificity of TCRs, particularly
because TCR-engineered T cells are highly sensitive.14,18

In this study, we aimed to develop a reliable screening pipeline for
early detection of off-target toxicity due to the cross-reactivity of
TCRs directed against unrelated peptides. In previous work, we
have focused on the identification of therapeutic TCRs directed
against hematopoietic restricted minor histocompatibility antigens
(MiHAs) for the treatment of hematological malignancies. The
HLA-A*02:01 restricted HA-2 peptide YIGEVLVSV is a well-known
example of such an MiHA.19,20 In recent experiments we isolated an
HA-2-specific T cell clone, 7B5, using an in vitro HLA-mismatched
setting. We validated its specificity for the HA-2 antigen in hemato-
poietic cell subsets. However, we found unexpected off-target
recognition of human fibroblasts not expressing the HA-2 antigen,
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Figure 1. The 7B5 T Cell Clone Exhibits Similar Sensitivity to HA-2

Compared with Clone HA2.27 in a Peptide Stimulation Assay and

pMHC-Tetramer Staining

(A) T cell clones 7B5 and HA2.27 (5,000/well) were cocultured with T2 cells (30,000/

well) loadedwithHA-2 peptide at different concentrations. After overnight incubation,

supernatants were harvested, and the concentration of IFN-g was measured by

ELISA. (B) T cell clones were analyzed for binding to specific APC-labeled pMHC-

tetramers. Depicted dot plots are gated for CD8pos lymphocytes.
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raising the questions what triggered this activation and what method
is suitable to examine this. Thus, we investigated the off-target cross-
reactive potential of this high-avidity T cell clone using different
screening methods and characterized its fine specificity.

Currently, an amino acid scanning approach is the recommended
method,21 which we compared with screening with a 9-mer combina-
torial peptide library (CPL).22 To validate recognition of predicted
cross-reactive target peptides by the 7B5 T cell clone, as discovered
by the different screening approaches, we then screened the 7B5
T cell clone against several non-hematopoietic cell subsets endoge-
nously expressing these peptides. As a control, we used an HA-2-
specific T cell clone, HA2.27, previously isolated from a chronic
myeloid leukemia patient who experienced a graft-versus-leukemia
(GvL) response after HLA-matched stem cell transplantation (SCT)
and subsequent donor lymphocyte infusion (DLI).23 The patient
fromwhom these clones were isolated did not experience any harmful
GvHD,24 and no ex vivo cross-reactivity was discovered.

We show that the amino acid scanning approach alone provided
useful information about which amino acid positions in the peptide
are important for TCR recognition, but its ability to elucidate the
cross-reactivity profile of the 7B5 TCR was limited. Instead, we
were able to detect off-target reactivity directed against a peptide
derived from CDH13 using a CPL scanning approach. This was
confirmed with CDH13-transduced HA-2neg Epstein-Barr virus-
transformed B lymphoblastic cell lines (EBV-LCLs), and the potential
in vivo consequences were deduced by screening against a broad
range of different cell subsets.

RESULTS
Identification of an HA-2-Specific T Cell Clone from the

Allogeneic TCR Repertoire

T cell clones from an HLA-A*02:01neg individual were isolated
using peptide-major histocompatibility complex (pMHC)-tetramers
composed of the HA-2 peptide bound to HLA-A*02:01. pMHC-
tetramerpos cells were first enriched by magnetic-activated cell sort-
ing (MACS) followed by single-cell sorting of pMHC-tetramerpos

CD8pos T cells. T cell clones were selected that demonstrated
reactivity against T2 cells loaded with the HA-2 peptide, but not
against unloaded T2 cells. Among these T cell clones, clone 7B5
demonstrated the highest functional sensitivity when stimulated
with titrated amounts of HA-2 peptide. This reactivity was compa-
rable with the patient-derived control clone HA2.27, which was
isolated from a beneficial GvL response after allogeneic SCT and
subsequent DLI (Figure 1A).

Specific binding to the allophycocyanin (APC)-labeled HA-2 pMHC-
tetramer was validated for both T cell clones. Both the 7B5 T cell clone
and the HA2.27 T cell clone showed specific staining with the APC-
labeled HA-2 pMHC-tetramer with similar intensity (Figure 1B).

Expression of the MYO1G gene, encoding for the MiHA HA-2, is
restricted to hematopoietic tissues.20 We confirmed this restricted
expression in an in-house-generated microarray gene expression data-
base (Figure S1).25 To investigate whether T cell clone 7B5 was able to
selectively recognize cell subsets expressing HA-2, we tested the HA-2
reactive T cell clones against different hematopoietic cell subsets,
starting with SNP-genotyped EBV-LCLs that were either positive or
negative for the MiHA HA-2. Robust recognition of HLA-A*02:01pos

HA-2pos EBV-LCLs, but not HLA-A*02:01pos HA-2neg or HLA-
A*02:01neg EBV-LCLs, was detected, which was comparable with the
HA2.27 T cell clone (Figure 2A). In addition, the anti-tumor reactivity
ofT cell clone 7B5was tested against differentHLA-A*02:01pos primary
acute myeloid leukemia (AML) samples either positive or negative for
theMiHAHA-2.HLA-A*02:01posfibroblasts andHLA-A*02:01pos ker-
atinocytes were included as HA-2neg controls. HA-2pos AML samples
were similarly recognized by both the HA2.27 T cell clone and the
7B5T cell clone, whereas theHA-2negAML samplewas not (Figure 2B).
However, the HLA-A*02:01pos HA-2neg fibroblasts and keratinocytes
that were not recognized by the HA2.27 T cell clone as expected were
efficiently recognized by the 7B5 T cell clone (Figure 2B).

All these results indicate that the 7B5 T cell clone is a high-avidity
T cell clone, capable of targeting HA-2-expressing hematopoietic
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Figure 2. The 7B5 T Cell Clone Recognizes HA-2-Expressing EBV-LCLs and Primary AML Samples

(A) T cell clones 7B5 and HA2.27 (5,000/well) were cocultured with several EBV-LCLs at a stimulator-to-responder (S:R) ratio of 6:1. Controls included EBV-LCLs from the

patient (LCL MRJ, HLA-A*02:01pos HA-2pos) and donor (LCL IZA, HLA-A*02:01pos HA-2neg) we isolated T cell clone HA2.27 from, as well as HLA-A*02:01neg controls LCL-

MSF and LCL-PSU. After overnight incubation, supernatants were harvested, and the concentration of IFN-g was measured by ELISA. Depicted values are the average of

duplicate measurements ± SD. (B) T cell clones 7B5 and HA2.27 (5,000/well) were cocultured with HLA-A*02:01pos HA-2neg primary AML sample (AML1), HLA-A*02:01pos

HA-2pos primary AML samples (AML2,-3,-4), and HLA-A*02:01pos HA-2neg fibroblasts (FB) and keratinocytes (KC) at an S:R ratio of 6:1. After overnight incubation,

supernatants were harvested, and the concentration of IFN-g was measured by ELISA. Depicted values are the average of duplicate measurements ± SD.
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cell subsets in the context of HLA-A*02:01. Unexpectedly, the 7B5
T cell clone recognized HLA-A*02:01pos HA-2neg human fibroblasts
and keratinocytes as well.

Analysis of Off-Target Cross-Reactivity of the 7B5 T Cell Clone

We showed that the 7B5 T cell clone and the HA2.27 T cell clone have
a similar functional sensitivity for HA-2, but the 7B5 T cell clone
demonstrated cross-reactivity against HA-2neg fibroblasts and kerati-
nocytes. In order to assess what causes this off-target recognition of
fibroblasts and keratinocytes, we used an alanine scanning approach.
Both HA-2-reactive clones were tested against the immunogenic
HA-2 sequence (YIGEVLVSV), the naturally occurring non-
immunogenic counterpart (YIGEVLVSM), and newly synthesized
HA-2 peptides in which every amino acid is sequentially replaced
by an alanine (A). In Table 1 the different peptides are summarized.
According to NetMHC4.0, none of the alanine substitutions interfere
with HLA-A*02:01 binding to a relevant extent. Both HA-2 T cell
clones were incubated overnight with peptide-pulsed T2 cells at
different concentrations (8, 40, and 200 nM), and IFN-g production
was measured. When alanine substitution resulted in a substantial
decrease in IFN-g production compared with the immunogenic
HA-2 sequence, this position was considered essential. The results,
depicted in Figures 3A–3C, demonstrate that for T cell clone 7B5,
positions 2, 3, 4, 5, 6, and 7 were important for HA-2-specific
recognition. This recognition pattern was slightly different from the
HA-2.27 clone, because for this clone, positions 1, 2, 3, 4, and 6
were important for HA-2-specific recognition.

For the 7B5 T cell clone, an in silico search was carried out to identify
protein sequences that contain the motif X-I-G-E-V-L-V-X-X. We
1208 Molecular Therapy Vol. 26 No 5 May 2018
searched for human self-protein-derived peptide sequences with
this motif using the ScanProsite webtool. Besides the HA-2 peptide,
this search resulted in only one other peptide sequence PIGEVLVSS
derived from the human gene KLF6. However, this KLF6-derived
sequence was not predicted to bind HLA-A*02:01 according to
NetMHC4.0; thus, we concluded that there was a low risk of cross-
reactivity, based on this amino acid scanning approach.

Next, we performed a 9-mer CPL scan. This CPL is composed of 180
different 9-mer peptide mixtures. In every peptide mixture one amino
acid position has a fixed L-amino acid residue, but all other positions
are degenerate, enabling incorporation of any 1 of 19 natural L-amino
acids in all remaining 8 positions (cysteine is excluded). The 7B5 T cell
clone was incubated overnight with T2 cells pulsed with the 180
different peptide mixtures, and IFN-g production was measured.
Results are depicted in a heatmap (Figure 4). Using the WSBC PI
CPL webtool, we conducted a 9-mer CPL-driven search of the human
self-protein database to produce a list of the top 100 peptide sequences
ranked in order of likelihood of recognition (Table S1). After
removing duplicate sequences, a list of 42 peptide sequences remained
andwere further refined on the basis of whether they were predicted to
bindHLA-A*02:01 usingNetMHC4.0. This resulted in a final list of 10
peptide sequences, which were subsequently synthesized (Table 2).
The ability of the T cell clones 7B5 and HA2.27 to recognize these
candidate peptides was determined by measuring the IFN-g produc-
tion after stimulation with T2 cells loaded with titrated concentrations
of these peptides. Only one peptide, the CDH13-derived peptide (p01)
SVGSVLLTV, was recognized with a similar sensitivity as the HA-2
peptide (p02) (Figure 5A). The patient-derived HA2.27 control clone
did not recognize any other peptide but HA-2 (Figure 5B).



Table 1. HLA-A*02:01 Binding Properties of the Peptides Used for the

Amino Acid Scanning Approach

Sequence netMHC4.0 (nM); Binding Level

YIGEVLVSV 7.0; SB

YIGEVLVSM 57.7; WB

AIGEVLVSV 33.4; SB

YAGEVLVSV 41.6; WB

YIAEVLVSV 3.3; SB

YIGAVLVSV 12.9; SB

YIGEALVSV 7.6; SB

YIGEVAVSV 14.9; SB

YIGEVLASV 7.1; SB

YIGEVLVAV 9.1; SB

YIGEVLVSA 30.6; SB

WB, weak binder; SB, strong binder.
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In order to confirm processing and presentation of the CDH13-
derived peptide in HLA-A*02:01, we transduced CDH13 into two
different HLA-A*02:01pos HA-2neg EBV-LCLs (IZA and HRK).
Recognition of the transduced and untransduced EBV-LCLs was
evaluated by IFN-g ELISA. The 7B5 T cell clone did not recognize
untransduced HLA-A*02:01pos HA-2neg EBV-LCLs, similar to
the HA2.27 T cell clone, but CDH13 transduced HLA-A*02:01pos

HA-2neg EBV-LCLs were highly recognized by the 7B5 T cell
clone, whereas the HA2.27 T cell clone was not able to recognize
these transduced EBV-LCLs (Figure 5C). These results demonstrate
that T cell clone 7B5 is cross-reactive against the CDH13-derived
peptide.

Cross-Reactivity Directed against CDH13

We showed that T cell clone 7B5 is cross-reactive toward a
CDH13-derived peptide, which is presented by HLA-A*02:01.
Next, we wanted to investigate the possible implications of this
cross-reactivity in vivo. According to our gene expression microar-
ray database,25 the CDH13 gene is expressed by a wide variety of
healthy non-hematopoietic cell subsets, e.g., fibroblasts, keratino-
cytes, proximal tubular epithelial cells, and the melanoma cell
line FM6 (Figure S2). We tested the 7B5 T cell clone against
keratinocytes and fibroblasts derived from HLA-A*02:01pos do-
nors, either untreated or pretreated with IFN-g for 2 days to upre-
gulate HLA expression, and HLA-A*02:01pos proximal tubular
epithelial cells and melanoma cell line FM6. All cell subsets were
recognized by the 7B5 T cell clone, but not by the HA2.27 T cell
clone (Figure 6). To confirm that only HLA-A*02:01-restricted
epitopes were recognized, we included HLA-A*02:01neg fibroblasts,
either untreated or pretreated with IFN-g for 2 days. The HLA-
A*02:01neg fibroblasts were unable to activate the 7B5 T cell clone
(Figure 6).

All these results demonstrate that the 7B5 T cell clone can activate in
response to both the HA-2 antigen and the CDH13-derived peptide
SVGSVLLTV, causing cross-reactivity restricted to HLA-A*02:01pos

tissues.
DISCUSSION
In this study, we detected off-target reactivity of the 7B5 TCR directed
against a peptide derived from the gene CDH13 using a CPL scanning
approach, which was confirmed by the ability of the 7B5 T cell clone
to recognize CDH13-transduced HA-2neg EBV-LCLs and several cell
subsets endogenously expressing CDH13. We show that the standard
alanine scanning approach alone provided useful information about
which amino acid positions in the peptide are important for TCR
recognition, but its ability to elucidate cross-reactivity for the 7B5
TCR was limited.

The 7B5 T cell clone was isolated from an HLA-A*02:01-negative
donor; thus, because of the HLA-mismatched experimental setting,
thymic selection did not occur. The 7B5 T cell clone recognizes
the hematopoietic restricted MiHA HA-2 in the context of
HLA-A*02:01. The 7B5 T cell clone was shown to have a functional
sensitivity that was similar to the patient-derived T cell clone
HA2.27, because concentrations less than 1 nM HA-2 peptide loaded
on T2 cells could still trigger IFN-g production. Also, endogenously
processed and presented HA-2 peptide was effectively recognized
by the 7B5 T cell clone, as indicated by IFN-g production upon incu-
bation with HA-2pos EBV-LCLs and primary AML samples. Results
were similar to the HA2.27 T cell clone, and no recognition of
HA-2neg EBV-LCLs or primary AML samples was observed.

The results of the alanine scanning approach suggested a low risk for
broad cross-reactivity of the 7B5 T cell clone, because exchanging the
amino acid for an alanine at positions 2, 3, 4, 5, 6, or 7 resulted in
complete loss of peptide recognition. These results do not exclude
the possibility of cross-reactivity toward other specific peptides, but
it dismisses the risk of a highly promiscuous TCR. A search for
specific human self-protein-derived peptides with the motif X-I-G-
E-V-L-V-X-X did not yield any potential off-target toxicity candi-
dates. However, when we used the 9-mer CPL scan data to conduct
a CPL-driven search of the human self-protein database, we found
cross-reactivity directed against a peptide derived from the gene
CDH13. This was confirmed by the ability of the 7B5 T cell clone
to recognize HA-2neg EBV-LCLs transduced with the CDH13 gene
and a range of tissues that endogenously express CDH13 including
fibroblasts, keratinocytes, and proximal tubular epithelial cells
(PTECs).

All of these results demonstrate that the 7B5 T cell clone can activate
in response to healthy HLA-A*02:01pos tissues such as fibroblasts,
which is likely to have severe clinical consequences if this TCR was
engineered into T cells for adoptive therapy in patients. Therefore,
we conclude that thorough validation of the specificity and character-
ization of cross-reactivity by combining several screening techniques
should be a strict prerequisite for TCRs to be tested prior to their use
in the clinic.
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Figure 3. The Alanine Scanning Approach for T Cell Clones 7B5 and HA2.27

T cell clones 7B5 and HA2.27 (5,000/well) were cocultured with T2 cells (30,000/

well), loaded with 8 (A), 40 (B), and 200 nM (C) peptides. After overnight incubation,

Figure 4. A Heatmap Representation of a 9-Mer CPL Scan of the

7B5 T Cell Clone

A heatmap depicting the intensity of IFN-g production by the 7B5 T cell clone

(4,000/well) in response to T2 cells (20,000/well) loaded with the 180-peptide

mixtures in a 9-mer CPL scan, indicating which amino acids are preferentially

recognized at certain positions in the peptide sequence. CPL scan data are

normalized in each row so that the values range from high (red) to low (blue); the

maximum intensity is the largest of all red values in the rows. Amino acids are

grouped according to their physicochemical properties as follows: polar, uncharged

amines: Q, N; polar, uncharged alcohols: T, S; small: G, A, C; hydrophobic: A–H;

aliphatic: V, I, L; aromatic: Y, F, W, H; large: F, W; charged basic: H, K, R; and

charged acidic: E, D.
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The alanine scanning approach was insufficient for detecting
potentially dangerous cross-reactivities, whereas a CPL-driven
search of the human self-protein database enabled the identification
of a potentially dangerous reactivity directed toward a human self-
protein-derived epitope. In the alanine scanning approach, only
one amino acid is replaced at a time and the amino acids are only
replaced with a single amino acid (alanine), and not with other
amino acids possessing different properties. So it is no surprise
that cross-reactivity against a peptide that differs from the MiHA
peptide HA-2 in five amino acid positions cannot be discovered
using this assay. Because the 9-mer CPL fixes only one amino acid
at one position per peptide mixture, all possible sequences (except
those with more than one cysteine) are represented in the assay,
and cross-reactive peptides that differ substantially from the
immunogenic target peptide can be identified. The downside of
this approach is that every mixture consists of many peptides,
lowering the concentration per unique peptide and increasing the
competition for HLA binding within every mixture. These factors
might influence the results and could explain why for some T cell
IFN-g concentrations were measured in the supernatant by ELISA. Where alanine

substitution resulted in a substantial decrease in IFN-g production compared with

the immunogenic HA-2 sequence, the residue at this position was considered

essential.



Table 2. Selected Potential Cross-Reactive Human Self-Protein-Derived Peptide Targets of the 7B5 T Cell Clone

Peptide No. Peptide Sequence Amino Acid Difference netMHC4.0 (nM; Binding Level) Gene Protein Accession No. (NCBI)

p01 SVGSVLLTV 5 160.5; WB CDH13 NP_001207417

p02 YIGEVLVSV – 7.0; SB MYO1G NP_149043

p03 FVGEDLVTI 5 42.6; WB BACE2 NP_036237

p04 YIGENILVL 5 48.7; WB ASIC1 NP_001086

p05 TLQEVLLTV 5 11.8; SB GZMH NP_219491

p06 FIGEVVVSV 2 8.1; SB MYO1D NP_056009

p07 SVGEVLQSV 3 116.2; WB AKAP3 NP_006413

p08 YIGQVLVTA 3 253.2; WB EML5 NP_899243

p09 AQGEVQLTV 5 144.1; WB PLXNB2 NP_036533

p10 TLGNVLVTV 4 26.7; SB EXOC1 NP_001020095

The peptides in this table are selected based on their predicted recognition by the 7B5 TCR according to a CPL-driven search of the human self-protein database conducted using the
WSBC PI CPL webtool, and subsequently filtered based on their ability to bind HLA-A*02:01 as predicted by NetMHC4.0. Peptides are ordered based on their predicted likelihood of
recognition. WB, weak binder; SB, strong binder.
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clones that we tested with the 9-mer CPL, a sufficient peptide
recognition signature could not be determined (data not shown).
Also, the 9-mer CPL-driven search of the human self-protein
database produces such a great number of potential candidates that
a selection strategy is needed to keep further screening experiments
manageable, risking unwanted exclusion of the target peptides you
are searching for.

Although the 7B5 T cell clone, which is derived from an HLA-
mismatched setting, showed a potentially dangerous cross-reactivity,
this does not mean that all TCRs from an allogeneic setting are of
lesser clinical interest compared with clones derived from HLA-
matched settings, e.g., the patient-derived T cell clone HA2.27. All
TCRs have an intrinsic cross-reactive capacity,26 which is necessary
to cover all naturally occurring antigens that may be encountered.27

Thus, the relevant question is not whether a TCR is cross-reactive,
but how to predict the clinical consequences of this cross-reactivity.28

Therefore, thorough screening for off-target toxicity must be included
in the preclinical phases, to determine whether a TCR is safe for
clinical application via adoptive transfer of TCR-engineered T cells.
To further reduce potential risks, the use of a so-called suicide switch
could also be considered,29 which enables immediate elimination of
the transfused T cells upon signs of toxicity.

In summary, we demonstrate that a standard alanine scanning
approach provided useful information about which positions in the
peptide sequence are important for TCR recognition, but it did not
predict off-target reactivity of the 7B5 TCR. However, we were able
to detect off-target reactivity directed against a peptide derived
from CDH13 using a CPL-driven search of the human self-protein
database, which was confirmed using CDH13-transduced HA-2neg

EBV-LCLs and screening against several different cell subsets that
endogenously express CDH13. This example demonstrates the
advantage and need of combining several screening techniques to
characterize the cross-reactivity and specificity of TCRs.
MATERIALS AND METHODS
Culture Conditions and Cells

All studies using human material were approved by the Leiden
University Medical Center ethical review board. Peripheral blood
was obtained from healthy individuals or patients after informed
consent. Peripheral blood mononuclear cells (PBMCs) were isolated
using Ficoll gradient centrifugation.

T cells were cultured in T cell medium consisting of Iscove’s modified
Dulbecco’s medium (IMDM) (Lonza) supplemented with 100 IU/mL
IL-2 (Proleukin; Novartis Pharma), 5% fetal bovine serum (FBS;
GIBCO, Life Technologies), 5% human serum, 2 mM L-glutamine
(Lonza), and 1% penicillin/streptomycin (Lonza). T cells were stimu-
lated using irradiated feeders in a 1:5 ratio in T cell medium supple-
mented with 0.8 mg/mL phytohemagglutinin (PHA; Biochrom AG)
8–16 days prior to experiments.

EBV-LCLs were generated using standard procedures and cultured
in IMDM supplemented with 10% FBS, 2 mM L-glutamine, and 1%
penicillin/streptomycin.

Primary AML samples from patients at time of diagnosis were thawed
and cultured overnight in IMDM supplemented with 10% fetal calf
serum (FCS) before use in experiments.

Fibroblasts, keratinocytes, and other non-hematopoietic cell subsets
were cultured either in the absence or presence of 200 IU/mL IFN-
g for 2 days and washed twice before use in experiments.
Isolation of the HA-2-Reactive T Cell Clone 7B5

To isolate HA-2-reactive T cell clones, we incubated 500 � 106

PBMCs from an HLA-A*02:01neg healthy donor with phycoery-
thrin (PE)-labeled pMHC-tetramers, composed of HA-2 9-mer
peptide (YIGEVLVSV) bound in HLA-A*02:01, for 1 hr at 4�C.
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Figure 5. The 7B5 T Cell Clone Recognizes theCDH13-Derived Peptide p01,

Whereas T Cell Clone HA2.27 Does Not

T cell clones (A) 7B5 and (B) HA2.27 (5,000/well) were cocultured with T2 cells

(30,000) loaded with the selected peptides at different concentrations.

After overnight incubation, supernatants were harvested, and the concentration of

IFN-g was measured by ELISA. Depicted values are the average of duplicate

measurements ± SD. p01, Cadherin-13 isoform 2; p02, Myosin-Ig MiHA HA-2 (V);

p03, Beta-secretase 2 Isoform 4; p04, Amiloride-sensitive cation channel 2,

neuronal isoform b; p05, granzymeH; p06, Myosin-Id; p07, A-kinase anchor protein

3; p08, Echinoderm microtubule-associated protein-like 5; p09, Plexin-B2 pre-

cursor; p10, Exocyst complex component 1 isoform 1; p11, Myosin-Ig ACHA-2 (M).

(C) T cell clone 7B5 and HA-2 control clone (5,000/well) were cocultured with

HA-2neg EBV-LCL IZA and HRK, untransduced or transduced with CDH13, at an

S:R ratio of 6:1. The HA-2pos EBV-LCL MRJ was included as a positive control.

After overnight incubation, supernatants were harvested, and the concentration of

IFN-g was measured by ELISA. Depicted values are the average of duplicate

measurements ± SD.
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Cells were washed twice and incubated with anti-PE microbeads
(Miltenyi Biotec) for 15 min at 4�C. PE-labeled cells were isolated
on a large separator (LS) column (Miltenyi Biotec) according to
the manufacturer’s instruction. Positively selected cells were
stained with an anti-CD8 Alexa 700-labeled antibody (Invitro-
gen/Caltag) in combination with FITC-conjugated antibodies
against CD4, CD14, and CD19 (BD Pharmingen). pMHC-
tetramerpos CD8pos FITCneg T cells were single-cell sorted into
round-bottom 96-well plates containing 5 � 104 irradiated feeders
in 100 mL of T cell medium supplemented with 0.8 mg/mL PHA for
expansion.

FACS Analysis

FACS acquisition was performed on an LSRII (BD Biosciences)
and was analyzed using Diva Software (BD Biosciences). T cell
clones were analyzed for binding to the HA-2-specific APC-
labeled pMHC-tetramer, an irrelevant PE-labeled pMHC-tetramer,
and an Alexa 700-conjugated antibody against CD8 (Invitrogen/
Caltag). 10,000 T cells were first incubated with 2 mg/mL
pMHC-tetramers for 15 min at 37�C and washed before anti-
CD8 antibodies were added and incubated for an additional
15 min at 4�C.

Functional Analysis

For analysis of IFN-g production, 5,000 T cells were cocultured with
30,000 target cells or T2 cells loaded with peptides in 384-well
plates. Peptide loading was performed by incubating T2 cells for
30 min at 37�C and 5% CO2. T cells were washed twice before
use. After overnight incubation, supernatants were harvested, and
the concentration of IFN-g was measured by ELISA (Sanquin
Reagents).

To assess the peptide recognition signature, we used a previously
described 9-mer CPL scan,22 consisting of 180 different peptide
mixtures. In each peptide mixture all peptides have one fixed
L-amino acid residue at one amino acid position, but all other po-
sitions are degenerate, enabling incorporation of any 1 of 19 natural
L-amino acids in all remaining 8 positions (cysteine is excluded in



Figure 6. The Endogenously Processed CDH13-

Derived Peptide p01, Presented in HLA-A*02:01,

Efficiently Activates the 7B5 T Cell Clone, but Not

T Cell Clone HA2.27

T cell clones 7B5 and HA2.27 (5,000/well) were

cocultured with different cell subsets endogenously ex-

pressing the CDH13 gene: keratinocytes and fibroblasts,

untreated or pretreated with IFN-g for 2 days to upre-

gulate HLA expression, proximal tubular epithelial cells,

and melanoma cell line FM6. To confirm that only

HLA-A*02:01-restricted epitopes are recognized, we

tested the 7B5 and HA2.27 T cell clone also against

HLA-A*02:01neg fibroblasts, untreated or pretreated with

IFN-g. We also included the EBV-LCL controls from the

patient (LCL MRJ, HLA-A*02:01pos HA-2pos) and donor

(LCL IZA, HLA-A*02:01pos HA-2neg) we isolated the

HA2.27 T cell clone from. After overnight incubation,

supernatants were harvested, and the concentration of

IFN-g was measured by ELISA. Average IFN-g produc-

tion by the HA2.27 T cell clone stimulated with LCL

MRJ was set to 1. Depicted values are the average of

duplicate measurements ± SD. Asterisks (*) indicate

single measurements.
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non-fixed positions). For this assay, we pulsed 20,000 T2 cells with
each of the 180 different peptide mixtures at a concentration of
100 mM for 2 hr at 37�C and 5% CO2 in 40 mL of T cell medium
(IMDM supplemented with 100 IU/ml IL-2, 5% FBS, 5% human
serum, 2 mM L-glutamine, and 1% penicillin/streptomycin). After
peptide loading, 4,000 T cells in 20 mL of T cell medium were
added per well. After overnight incubation, supernatants were
harvested and IFN-g production was measured by ELISA (Sanquin
Reagents).
Analysis of the Peptide Recognition Signature

To analyze the data from the 9-mer CPL scan, we used the WSBC
PI CPL webtool30 that applies a mathematical strategy to match
the peptide recognition signature31 with the human proteome to
predict the most likely human self-protein-derived peptide
sequences that might be recognized by the tested TCR.26 We
examined 100 peptides with the best log likelihood scores and
removed duplicate sequences. The 10 peptide sequences that
were predicted to bind HLA-A*02:01, according to NetMHC4.0,
were synthesized.
Gene Transduction

The CDH13 gene was cloned into the modified MP71-retroviral
backbone, together with the truncated nerve growth factor receptor
(NGF-R; also known as CD271). The constructs were transfected
into Phoenix-A cells using helper vector M57 and FuGENE HD
M

reagent (Roche). Virus supernatant was har-
vested after 48 and 72 hr and stored at �80�C.

For transduction of EBV-LCLs, 24-well
non-tissue culture plates were coated with
30 mg/mL RetroNectin (Takara) for 2 hr at room temperature
and blocked with 2% human serum albumin (Sanquin Reagents)
for 30 min. Viral supernatant was thawed, then 500 mL per
well was added to the 24-well plate and spun down at 2,000 � g
for 20 min at 4�C. 100,000 EBV-LCLs per well were
added in 500 mL of fresh IMDM supplemented with 10% FBS,
2 mM L-glutamine, and 1% penicillin/streptomycin and
incubated overnight at 37�C and 5% CO2. CDH13

pos EBV-LCLs
were MACS purified using anti-CD271 PE-labeled antibody
(BD Pharmingen) and anti-PE microbeads (Miltenyi Biotec).
CDH13-transduced cells were isolated on an LS column following
manufacturer’s instructions.
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Supplementary Figure 1: Gene expression profile for minor histocompatibility antigen HA-
2 (MYO1G). Probe fluorescence intensity is shown on the x-axis in logarithmic scale. On the y-
axis malignant and healthy (non-)hematopoietic cell types are shown. Each dot represents a 
different sample and the mean and standard deviation of gene expression is shown for each cell 
type. 
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Supplementary Table 1: Potential cross-reactive human self-protein derived peptide 
targets of the 7B5 T-cell clone. The peptides in this table are selected based on their predicted 
recognition by the 7B5 T-cell clone according to a CPL-driven search of the human self-protein 
database conducted using the WSBC PI CPL webtool. 

Output 
score Peptide Protein 
-16,869723 NVGEVYGVV gi|34577063|ref|NP_001117.2| adenylosuccinate synthetase isozyme 2 

-16,869723 NVGEVYGVV ADENYLOSUCCINATE SYNTHETASE ISOZYME 2 HOMO SAPIENS 

-16,930872 SVGSVLLTV gi|333944015|ref|NP_001207417.1| cadherin-13 isoform 2  

-16,930872 SVGSVLLTV gi|4502719|ref|NP_001248.1| cadherin-13 isoform 1 preproprotein  

-16,930872 SVGSVLLTV gi|333944018|ref|NP_001207418.1| cadherin-13 isoform 3 precursor  

-16,930872 SVGSVLLTV gi|333944020|ref|NP_001207419.1| cadherin-13 isoform 4  

-17,220057 SVGEVIEVL gi|7662482|ref|NP_055723.1| dolichol kinase  

-17,281433 YIGEVLVSV gi|239582755|ref|NP_149043.2| myosin-Ig  

-17,281433 YIGEVLVSV sp|B0I1T2-4|MYO1G_HUMAN Isoform 4 of Unconventional myosin-Ig OS=Homo sapiens GN=MYO1G 

-17,281433 YIGEVLVSV sp|B0I1T2-2|MYO1G_HUMAN Isoform 2 of Unconventional myosin-Ig OS=Homo sapiens GN=MYO1G 

-17,281433 YIGEVLVSV sp|B0I1T2-3|MYO1G_HUMAN Isoform 3 of Unconventional myosin-Ig OS=Homo sapiens GN=MYO1G 

-17,353998 TVGELLVTI gi|156938343|ref|NP_055874.2| talin-2  

-17,374766 NSGEVIVTL gi|41393559|ref|NP_904325.2| kinesin-like protein KIF1B isoform alpha  

-17,374766 NSGEVIVTL gi|41393563|ref|NP_055889.2| kinesin-like protein KIF1B isoform b  

-17,374766 NSGEVIVTL Kinesin-like protein KIF1B Homo sapiens 

-17,374766 NSGEVIVTL sp|O60333-4|KIF1B_HUMAN Isoform 4 of Kinesin-like protein KIF1B OS=Homo sapiens GN=KIF1B 

-17,374766 NSGEVIVTL sp|O60333|KIF1B_HUMAN Kinesin-like protein KIF1B OS=Homo sapiens GN=KIF1B PE=1 SV=5 

-17,392979 LVGFVLLTV gi|22749415|ref|NP_689926.1| dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit STT3A  

-17,501319 WGGEVLIVA gi|156564359|ref|NP_212134.3| riboflavin transporter 2  

-17,795412 GVGEVLHVK gi|209954788|ref|NP_001129625.1| cyclic AMP-dependent transcription factor ATF-6 beta isoform b  

-17,795412 GVGEVLHVK gi|20631977|ref|NP_004372.3| cyclic AMP-dependent transcription factor ATF-6 beta isoform a  

-17,821511 TTGEVVVTM gi|35493860|ref|NP_919304.1| otoferlin isoform d  

-17,821511 TTGEVVVTM gi|35493868|ref|NP_004793.2| otoferlin isoform b  

-17,840203 SGGEVIFTK sp|Q9Y334-2|VWA7_HUMAN Isoform 2 of von Willebrand factor A domain-containing protein 7 OS=Homo sapiens GN=VWA7 

-17,840203 SGGEVIFTK gi|153945852|ref|NP_079534.2| protein G7c precursor  

-17,891018 KVGEVIVTK gi|41399285|ref|NP_955472.1| 60 kDa heat shock protein, mitochondrial  

-17,898825 FVGEDLVTI sp|Q9Y5Z0-4|BACE2_HUMAN Isoform 4 of Beta-secretase 2 OS=Homo sapiens GN=BACE2 

-17,898825 FVGEDLVTI gi|21040360|ref|NP_620476.1| beta-secretase 2 isoform C preproprotein  

-17,898825 FVGEDLVTI Beta-secretase 2 Homo sapiens 

-17,898825 FVGEDLVTI gi|21040362|ref|NP_620477.1| beta-secretase 2 isoform B preproprotein  

-17,898825 FVGEDLVTI sp|Q9Y5Z0-5|BACE2_HUMAN Isoform 5 of Beta-secretase 2 OS=Homo sapiens GN=BACE2 

-17,898825 FVGEDLVTI gi|19923395|ref|NP_036237.2| beta-secretase 2 isoform A preproprotein  

-17,901998 STGEVVVTM sp|Q9HC10-5|OTOF_HUMAN Isoform 5 of Otoferlin OS=Homo sapiens GN=OTOF 

-17,901998 STGEVVVTM gi|34740331|ref|NP_919224.1| otoferlin isoform a  

-17,901998 STGEVVVTM gi|35493853|ref|NP_919303.1| otoferlin isoform c  

-17,913793 AFGEVAVVK Serine/threonine-protein kinase MRCK beta Homo sapiens 

-17,913793 AFGEVAVVK sp|Q5VT25-4|MRCKA_HUMAN Isoform 4 of Serine/threonine-protein kinase MRCK alpha OS=Homo sapiens GN=CDC42BPA 
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-17,913793 AFGEVAVVK sp|Q5VT25|MRCKA_HUMAN Serine/threonine-protein kinase MRCK alpha OS=Homo sapiens GN=CDC42BPA PE=1 SV=1 

-17,913793 AFGEVAVVK CDC42BPB protein Homo sapiens 

-17,913793 AFGEVAVVK gi|30089962|ref|NP_003598.2| serine/threonine-protein kinase MRCK alpha isoform B  

-17,913793 AFGEVAVVK gi|115527097|ref|NP_006026.3| serine/threonine-protein kinase MRCK beta  

-17,913793 AFGEVAVVK gi|30089960|ref|NP_055641.3| serine/threonine-protein kinase MRCK alpha isoform A  

-17,913793 AFGEVAVVK sp|Q5VT25-6|MRCKA_HUMAN Isoform 6 of Serine/threonine-protein kinase MRCK alpha OS=Homo sapiens GN=CDC42BPA 

-17,913793 AFGEVAVVK sp|Q5VT25-2|MRCKA_HUMAN Isoform 2 of Serine/threonine-protein kinase MRCK alpha OS=Homo sapiens GN=CDC42BPA 

-17,935032 TVGEVFYTK gi|295842556|ref|NP_001171516.1| choline transporter-like protein 4 isoform 3  

-17,935032 TVGEVFYTK gi|148612887|ref|NP_079533.2| choline transporter-like protein 4 isoform 1  

-18,093028 ANGEVLCTV gi|260654089|ref|NP_940972.2| brorin precursor  

-18,094741 YIGENILVL gi|21536349|ref|NP_001086.2| amiloride-sensitive cation channel 2, neuronal isoform b  

-18,094741 YIGENILVL gi|21536351|ref|NP_064423.2| amiloride-sensitive cation channel 2, neuronal isoform a  

-18,145863 SGGESLLVK gi|89886477|ref|NP_037535.2| striatin-4 isoform 1  

-18,145863 SGGESLLVK gi|89886480|ref|NP_001034966.1| striatin-4 isoform 2  

-18,15759 TFGEVLMVQ gi|6678271|ref|NP_031401.1| TAR DNA-binding protein 43  

-18,15759 TFGEVLMVQ sp|Q13148-2|TADBP_HUMAN Isoform 2 of TAR DNA-binding protein 43 OS=Homo sapiens GN=TARDBP 

-18,15759 TFGEVLMVQ TAR DNA-binding protein-43 Homo sapiens 

-18,167442 SVGEILDVI gi|194272140|ref|NP_055901.2| dendrin  

-18,304123 TIGEIQVTL gi|148596984|ref|NP_004478.3| Golgin subfamily B member 1  

-18,311744 DIGEVILVG gi|24234688|ref|NP_004125.3| stress-70 protein, mitochondrial precursor  

-18,318139 TLQEVLLTV Granzyme H Homo sapiens 

-18,318139 TLQEVLLTV gi|15529990|ref|NP_219491.1| granzyme H precursor  

-18,325342 SKGEVLSVL gi|13540565|ref|NP_110415.1| transmembrane 7 superfamily member 4  

-18,334446 SEEEVLVTV gi|13787217|ref|NP_001438.1| protocadherin Fat 2 precursor  

-18,344272 SAGELLLTL gi|194595501|ref|NP_689716.4| uncharacterized protein C20orf132 isoform 1  

-18,344272 SAGELLLTL gi|47578111|ref|NP_998796.1| uncharacterized protein C20orf132 isoform 2  

-18,344272 SAGELLLTL gi|47578113|ref|NP_998797.1| uncharacterized protein C20orf132 isoform 3  

-18,344272 SAGELLLTL sp|Q9H579|CT132_HUMAN Uncharacterized protein C20orf132 OS=Homo sapiens GN=C20orf132 PE=2 SV=2 

-18,345617 QEGEVEIVV sp|Q8NDH2|CC168_HUMAN Coiled-coil domain-containing protein 168 OS=Homo sapiens GN=CCDC168 PE=2 SV=2 

-18,345617 QEGEVEIVV gi|226246554|ref|NP_001139669.1| coiled-coil domain-containing protein 168  

-18,356731 LGGFVLLVV >gi|42822882|ref|NP_981947.1| fat storage-inducing transmembrane protein 1  

-18,361006 NMGEVLLVR gi|31711992|ref|NP_001922.2| dihydrolipoyllysine-residue acetyltransferase component of pyruvate dehydrogenase 
complex, mitochondrial precursor  

-18,361006 NMGEVLLVR Dihydrolipoyllysine-residue acetyltransferase Homo sapiens 

-18,393409 FIGEVVVSV gi|51100974|ref|NP_056009.1| myosin-Id  

-18,400716 SCGEVIHVK sp|Q9H2U2-2|IPYR2_HUMAN Isoform 2 of Inorganic pyrophosphatase 2, mitochondrial OS=Homo sapiens GN=PPA2 

-18,400716 SCGEVIHVK gi|77812678|ref|NP_008834.3| inorganic pyrophosphatase 2, mitochondrial isoform 2 precursor  

-18,400716 SCGEVIHVK gi|77812680|ref|NP_789842.2| inorganic pyrophosphatase 2, mitochondrial isoform 3 precursor  

-18,400716 SCGEVIHVK gi|29171702|ref|NP_789845.1| inorganic pyrophosphatase 2, mitochondrial isoform 1 precursor  

-18,405009 TVGIVIIVV gi|7662320|ref|NP_055628.1| leucine-rich repeats and immunoglobulin-like domains protein 2 precursor  

-18,453565 SVGEVLQSV gi|21493041|ref|NP_006413.2| A-kinase anchor protein 3  

-18,465921 SAGEVLMTI gi|31317272|ref|NP_055806.2| WD repeat and FYVE domain-containing protein 3  

-18,465921 SAGEVLMTI sp|Q8IZQ1-2|WDFY3_HUMAN Isoform 2 of WD repeat and FYVE domain-containing protein 3 OS=Homo sapiens GN=WDFY3 
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-18,466015 SPGEVLRTL gi|93102424|ref|NP_055906.2| protein FAM179B  

-18,466015 SPGEVLRTL sp|Q9Y4F4-3|F179B_HUMAN Isoform 3 of Protein FAM179B OS=Homo sapiens GN=FAM179B 

-18,466015 SPGEVLRTL sp|Q9Y4F4-2|F179B_HUMAN Isoform 2 of Protein FAM179B OS=Homo sapiens GN=FAM179B 

-18,470252 YIGQVLVTA gi|34485720|ref|NP_899243.1| echinoderm microtubule-associated protein-like 5  

-18,470252 YIGQVLVTA sp|Q05BV3-4|EMAL5_HUMAN Isoform 4 of Echinoderm microtubule-associated protein-like 5 OS=Homo sapiens GN=EML5 

-18,470252 YIGQVLVTA sp|Q05BV3-2|EMAL5_HUMAN Isoform 2 of Echinoderm microtubule-associated protein-like 5 OS=Homo sapiens GN=EML5 

-18,470252 YIGQVLVTA sp|Q05BV3|EMAL5_HUMAN Echinoderm microtubule-associated protein-like 5 OS=Homo sapiens GN=EML5 PE=2 SV=3 

-18,472182 AQGEVQLTV gi|149363636|ref|NP_036533.2| plexin-B2 precursor  

-18,478842 ADGEVDVVV Amiloride-sensitive amine oxidase Homo sapiens 

-18,478842 ADGEVDVVV Diamine oxidase Homo sapiens 

-18,478842 ADGEVDVVV sp|P19801-2|ABP1_HUMAN Isoform 2 of Amiloride-sensitive amine oxidase [copper-containing] OS=Homo sapiens GN=ABP1 

-18,478842 ADGEVDVVV gi|73486661|ref|NP_001082.2| amiloride-sensitive amine oxidase [copper-containing] precursor  

-18,486044 NGGELFLTV gi|4505351|ref|NP_001534.1| bifunctional heparan sulfate N-deacetylase/N-sulfotransferase 1  

-18,486044 NGGELFLTV sp|P52848-2|NDST1_HUMAN Isoform 2 of Bifunctional heparan sulfate N-deacetylase/N-sulfotransferase 1 OS=Homo 
sapiens GN=NDST1 

-18,495633 TLGNVLVTV gi|67944634|ref|NP_001020095.1| exocyst complex component 1 isoform 1  

-18,495633 TLGNVLVTV gi|30410716|ref|NP_839955.1| exocyst complex component 1 isoform 2  

-18,503243 FVGFVIVTF sp|Q13936-34|CAC1C_HUMAN Isoform 34 of Voltage-dependent L-type calcium channel subunit alpha-1C OS=Homo sapiens 
GN=CACNA1C 

-18,503243 FVGFVIVTF sp|Q13936-18|CAC1C_HUMAN Isoform 18 of Voltage-dependent L-type calcium channel subunit alpha-1C OS=Homo sapiens 
GN=CACNA1C 

-18,503243 FVGFVIVTF sp|Q13936-28|CAC1C_HUMAN Isoform 28 of Voltage-dependent L-type calcium channel subunit alpha-1C OS=Homo sapiens 
GN=CACNA1C 

-18,503243 FVGFVIVTF gi|192807298|ref|NP_001122311.1| voltage-dependent L-type calcium channel subunit alpha-1D isoform c  

-18,503243 FVGFVIVTF sp|Q13936-17|CAC1C_HUMAN Isoform 17 of Voltage-dependent L-type calcium channel subunit alpha-1C OS=Homo sapiens 
GN=CACNA1C 
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Supplementary Figure 2: Gene expression profile for CDH13. Probe fluorescence intensity is 
shown on the x-axis in logarithmic scale. On the y-axis malignant and healthy (non-) 
hematopoietic cell types are shown. Each dot represents a different sample and the mean and 
standard deviation of gene expression is shown for each cell type. 
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