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ABSTRACT

Wilms’ tumor gene 1 (WT1) has been proposed as an attractive target for cancer immunotherapy.
A natural 9-mer peptide (CYTWNQMNL), which bound to human leukocyte antigen
(HLA)-A*24:02, was identified from among WTl-specific cytotoxic T lymphocyte (CTL) epit-
opes. This natural WT1 CTL epitope peptide was further modified (CMTWNQMNL) to enhance
its binding affinity to HLA-A*24:02. This modified WT1 CTL epitope peptide was superior to the
natural peptide for inducing HLA-A*24:02-restricted WT1-specific CTLs. Here we induced sever-
al WT1 CTLs that reacted with both modified and natural WT1 tetramers from peripheral blood
mononuclear cells. Then, T-cell receptor (TCR) genes were isolated from these WT1 CTLs to de-
termine their Vo and VP usage. These TCR genes were transduced into human T lymphoma cells
to establish a stable cell line, SK37, which expressed a WT1-specific TCR. We confirmed that
SK37 cells reacted with both modified and natural WT1 tetramers, which indicated that SK37
cells could be a useful tool for WT1 tetramer reagent quality assurance. One the basis of these
findings, we propose that this WT1 tetramer, which was quality-assured using established SK37
cells, will contribute to reliable immunomonitoring of tumor-specific CTL responses of cancer pa-

tients who receive WT1-targeted cancer vaccine therapy or TCR-gene therapy.

Cancer vaccine therapy using HLA class I-binding
short peptides has been used to induce tumor-specif-
ic cytotoxic T lymphocytes (CTLs) in patients with
various cancers, because various tumor-associated
antigens have been identified in cancer tissues or
cells (6, 33). It has been reported that cancer vac-
cine therapy with short peptides induces increased
cancer antigen-specific CTLs and maintains long
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stable disease in the cancer patients. However, vac-
cine therapy using short peptides still has numerous
issues that need to be resolved for treating cancers
(7, 27, 28). Thus, it is necessary to develop more
efficient cancer vaccines and establish accurate
methods to evaluate cancer antigen-specific immune
responses in patients.

It has been reported that Wilms’ tumor gene 1
(WT1), which encodes for a zinc finger transcription
factor, is overexpressed in cancer cells or tissues of
many tumor types, such as acute myelocytic leuke-
mia (AML), acute lymphocytic leukemia (ALL),
chronic myelocytic leukemia (CML), and myelodys-

*These authors contributed equally to this work.
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plastic syndrome (MDS) (2, 10, 13-15, 21, 24, 25).
In contrast, WT1 expression is limited in normal
cells and tissues of adults (1, 24). Therefore, WT1’s
product may be a promising specific target for can-
cer immunotherapy (26). Indeed, a previous report
showed that WT1 was the top ranking from among
75 representative cancer antigens on the basis of
nine criteria (4).

To date, phase I cancer immunotherapy clinical
studies that targeted the WTI1 protein have been
conducted for AML, MDS, lung, and breast cancer
(22, 23, 31) and phase I/Il clinical studies using
WT1 peptides have been conducted for patients with
various types of cancer (29). It was reported that the
increase in the numbers of WT1-specific CTLs in
cancer patients after vaccination with WT1 peptides
closely correlates with the therapeutic efficacy
against cancer (7, 16, 17, 20). Therefore, monitoring
antitumor immune responses, particularly the gener-
ation of tumor-specific CTLs, is critical for accurate
assessments of the efficacy of cancer vaccine immu-
notherapy.

In general, increases in CTLs have been deter-
mined by ELISPOT assays, intracellular IFN-y as-
says or tetramer assays. The ELISPOT assay, which
was developed 18 years ago, has been used by most
investigators to determine the frequency of CTL
generation in cancer patients after vaccine therapy.
It is very easy to determine CTL frequency using
this method. However, it is difficult to accurately
identify the effector subsets that are responsible for
tumor antigen peptide-specific responses with the
ELISPOT assay. This is because the possibility that
endogenously produced cytokines nonspecifically
activate some antigen-nonspecific T cells, NK cells
and NKT cells cannot be excluded.

To overcome this problem, human leukocyte anti-
gen (HLA) tetramers have been used to analyze an-
tigen-specific T-cell immunity, because these reagents
provide for the accurate enumeration and efficient
immunomagnetic sorting of antigen-specific T cells,
regardless of the functional capacity of T cells.
Therefore, establishing a WT1 tetramer has been
suggested to be a very promising tool for immuno-
monitoring of cancer immunotherapy that uses WT1
peptides.

HLA-A*24:02 (A24) is the major HLA-A allele in
approximately 60% of Japanese. Thus, identifying
WT1 epitopes for A24 would be important for clinical
immunotherapy applications for Japanese cancer pa-
tients. An A24-restricted WT1 epitope was previously
identified (amino acids 235-243; CMTWNQMNL)
(32). In addition, it was demonstrated that a modi-
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fied 9-mer WTI1 epitope (CYTWNQMNL) remark-
ably increased the binding affinity to A24 molecules
and effectively induced WT1-specific CTLs from
peripheral blood mononuclear cells (PBMCs) com-
pared with a natural WT1 peptide (A24-natural
WT1 peptide). The CTLs that were induced by the
modified WT1 peptide (A24-modified WT1 peptide)
killed naturally WT1-expressing leukemic cells in
an A24-restricted manner. Thus, this modified WT1
peptide is currently being used in clinical studies on
cancer immunotherapy using a WT1 peptide vac-
cine. However, because of the low binding affinity of
the A24-natural WT1 peptide to HLA molecules, the
A24-natural WT1 tetramer lacks stability compared
with the A24-modified WT1 tetramer. Therefore, it
was necessary to develop tools that could validate
the A24-modified and natural WT1 tetramers. We
hypothesized that a stable T lymphoma cell line
transduced with A24-restricted WT1-specific T-cell
receptor (TCR) genes and had the same binding
avidity to both modified and natural WT1-peptide
could be a good tool for validating WT1 tetramers.

For this purpose, in the present study, we identi-
fied novel WTl-specific TCR genes from A24-
modified and natural WT1 tetramer-positive CTLs
induced from PBMCs of healthy donors. We used
these to establish a TCR gene-transfected T lympho-
ma cell line, which was designated SK37. Our re-
sults suggest that SK37 cells could be used as a
positive control in both tetramer-assays and for
quality assurance of A24-modified and natural WT1
tetramers.

MATERIALS AND METHODS

Cells, antibodies, tetramers, and flow cytometry
analysis. The following cells, antibodies, and tetra-
mers were used for staining and cell sorting. Jurkat,
JRT3-T3.5, and Sup-T1 cell lines were purchased
from the Riken Cell Bank (Tsukuba, Japan). CD8-
FITC, 7-AAD, and IOTest® Beta Mark were pur-
chased from Beckman Coulter Inc. (Miami, FL,
USA). A24-modified WT1 tetramer, A24-natural
WT1 tetramer, HLA-A*02:01 Mart-1 tetramer (ami-
no acids 26-35; ELAGIGILTV), and A24-HIV neg-
ative tetramer (amino acids 584-592; RYLRDQQLL)
were purchased from Medical and Biological
Laboratories Co., Ltd (MBL, Nagoya, Japan). Cells
were first stained with tetramers at 4°C for 15 min,
and then stained with an anti-CD8 antibody at
4°C for 15 min. Flow cytometry analysis used a
FACSCalibur (BD Biosciences, San Diego, CA,
USA). Data analysis used CellQuest software (BD



