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Abstract
Introduction The peptide-based cancer vaccine targeting Wilms’ tumor 1 (WT1) is a promising immunotherapeutic strategy 
for hematological malignancies. It remains unclear how long and to what extent the WT1-specific CD8 + cytotoxic T cell 
(CTL) persist after WT1 peptide vaccination.
Methods The WT1 peptide vaccine was administered with written consent to a patient with CML in the chronic phase 
who did not respond well to imatinib, and the patient was followed for 12 years after vaccination. Immune monitoring was 
performed by specific amplification of WT1-specific CTLs using a mixed lymphocyte peptide culture. T-cell receptors 
(TCRs) of amplified WT1-specific CTLs were analyzed using next-generation sequencing. This study was approved by the 
Institutional Review Board of our institution.
Result WT1-specific CTLs, which were initially detected during WT1 peptide vaccination, persisted at a frequency of less 
than 5 cells per 1,000,000 CD8 + T cells for more than 10 years. TCR repertoire analysis confirmed the diversity of WT1-
specific CTLs 11 years after vaccination. CTLs exhibited WT1 peptide-specific cytotoxicity in vitro.
Conclusion The WT1 peptide vaccine induced an immune response that persists for more than 10 years, even after cessation 
of vaccination in the CML patient.
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Introduction

Advances have been achieved in cancer immunotherapy in 
recent years [1]. Peptide-based cancer vaccines represent 
one of the cancer immunotherapeutic strategies under devel-
opment [2]. Cancer-testis antigens (CTAs) are regarded as 
an ideal target because they are highly expressed in cancers, 
but rarely in normal tissues (except the testis) [3]. The CTA 
peptide vaccine involves the administration of a single or 
multiple 9-11mer peptides with an adjuvant for the induction 

of anti-tumor immune responses [3, 4]. The production of 
functional T cells and the persistence of T-cell memory are 
important factors for successful vaccine therapy [5, 6].

Wilms’ Tumor 1 (WT1) is a CTA and the WT1 gene 
is overexpressed in hematological malignancies and most 
of all solid tumors [4, 7]. Several clinical trials have been 
conducted on the effects of WT1 peptide vaccines on 
various cancer types and have demonstrated high safety 
[8–13]. Although the majority of patients did not achieve 
a better clinical response than stable disease, some showed 
clear clinical responses, such as decreases in blast counts 
or WT1 transcript levels in acute myeloid leukemia and 
tumor regression in recurrent malignant glioma [10–12]. 
To increase clinical efficacy, therapeutic strategies, such 
as dendritic cell vaccines and combinations with WT1 
helper peptides, have been developed to enhance immune 
responses [14–16]. Immunological responses have been 
assessed using the WT1/MHC tetramer assay, intracellular 
cytokine response as detected by flow cytometry and inter-
feron-gamma enzyme-linked immune-spot (ELISPOT) assay 
within 2 years of vaccination [9–13]. These assays have 
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successfully confirmed the transient WT1-specific immune 
response observed in many cases early after vaccination. 
However, previous reports are limited to descriptions of 
the months during which WT1 vaccine was administered. 
Therefore, whether the WT1-specific immune response per-
sists after WT1 peptide vaccine cessation remains unclear. 
Furthermore, the repertoire of WT1-specific CD8 + cyto-
toxic T lymphocytes (CTLs) after WT1 vaccination has not 
yet been reported.

We previously reported the case of a patient with CML 
who was administered the WT1 peptide vaccine and 
achieved substantial molecular response with the persis-
tence of WT1-specific CTLs for 2 years [17]. In this report, 
we describe WT1-specific CTLs that persisted long after 
the cessation of the WT1 peptide vaccine using a mixed 
lymphocyte peptide culture (MLPC) assay. We performed 
functional assays and T-cell receptor (TCR) repertoire analy-
ses of WT1-specific CTLs in this CML patient 12 years after 
cessation of the WT1 vaccine.

Methods

Administration of the WT1 peptide

The HLA-A*24:02-restricted modified-type WT1 peptide 
(WT1 peptide; 9mer peptide of CYTWNGMNL, synthe-
sized by PolyPeptide, San Diego, USA), which exhibits anti-
tumor immunogenicity, was subcutaneously administered at 
a dose of 1 mg every 2 weeks [17]. Since a previous study 
reported that some anti-tumor CD8 + CTLs lose their cyto-
lytic activity with a strong antigenic stimulation [18], the 
interval for the WT1 peptide administration was changed 
from two weeks to four weeks from the 12th to 22nd admin-
istration [19]. Montanide ISA-51 VG (Seppic, Paris, France) 
was used as the adjuvant of the vaccination. The administra-
tion of the WT1 peptide was approved by the Institutional 
Review Board of Niigata University School of Medicine and 
performed after informed consent was obtained.

Quantification of BCR‑ABL transcripts

BCR-ABL transcripts in peripheral blood samples were 
measured using a high-sensitivity Amp-CML assay, which 
is based on the transcription-mediated amplification (TMA) 
method [20], in the first 7 years. In our laboratory, a 3-log 
reduction was calculated as 280 copies in 1 µg of cellular 
RNA from 120 CML patients. After the seventh year fol-
lowing the vaccination, we measured the BCR-ABL/ABL 
ratio using real-time RT-PCR and the International Scale 
(IS) [21]. A deep molecular response (DMR) was defined as 
a 4.5 log reduction in the IS% BCR-ABL/ABL.

MLPC assay

The method for the MLPC assay was previously described 
[17]. Briefly, mononuclear cells (MNCs) were isolated 
from a peripheral blood sample using density gradient 
centrifugation with Lymphoprep™ (Cosmo Bio, Tokyo, 
Japan). Freshly isolated MNCs were divided into 20 wells 
or more on a 96-well round-bottomed plate. Each well 
equally contained 3 ×  105 MNCs at the start of the MLPC 
assay. MNCs were cultured with 5% autologous serum 
containing RPMI1640, 10 μg/ml of the WT1 peptide, 
and 50 U/ml of IL-2 (Shionogi, Osaka, Japan). A two-
week culture was performed, and the culture medium was 
changed every 1–3 days. Thereafter, MLPC cells in each 
well were individually analyzed by tetramer assay using 
WT1 peptide/HLA-A*24:02 tetramer-PE (WT1 tetramer; 
MBL, Nagoya, Japan) and CD8-FITC (clone SK1, BD 
Bioscience, New Jersey, USA) by flow cytometry. The 
wells containing WT1-specific CD8 + T cells were called 
MLPC-positive wells. The estimated frequency of WT1-
specific CD8 + T cells was calculated using the following 
formula: number of MLPC-positive wells ×  106 / [(total 
number of analyzed wells) × (number of divided MNCs 
in a well) × (percentage of CD8 + T cells in MNCs before 
MLPC/100)] (cells /106 CD8 + T cells).

Cytotoxicity assay

The cytotoxicity assay for MLPC cells was previously 
described [22]. Briefly, GFP gene-transduced T2A24 cells 
(T2A24-GFP) were pre-incubated with or without 10 μg/
ml of the WT1 peptide overnight and then used as tar-
get cells. MLPC cells were integrated by the presence or 
absence of WT1-specific CD8 + T cells in each well and 
then used as effector cells.

Effector cells and target cells were mixed at a ratio 
of 15:1 and incubated for 4 h. The supernatants of these 
mixed cells were subjected to an IFN-γ enzyme-linked 
immunosorbent assay (ELISA) using the VeriKineTM 
Human Interferon Gamma ELISA Kit (PBL Assay Sci-
ence, New Jersey, USA) according to the manufacturer’s 
protocol. These mixed cells were also stained by 7-AAD, 
and the number of viable target cells (GFP + /7-AAD −) 
was determined using flow cytometry for 120 s at a con-
stant flow velocity in all samples. Percent cytotoxicity in 
the assay was calculated using the following formula: % 
Cytotoxicity = [(absolute number of viable target cells in 
the tube containing target cells only − absolute number of 
viable target cells in the sample tube) / absolute number 
of viable target cells in the tube containing target cells 
only] × 100.
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Flow cytometry

Flow cytometry was used for the tetramer assay as pre-
viously described [17]. In addition, MLPC cells for the 
tetramer assay were stained with anti-human fluorescein-
conjugated antibodies for CD45RA (PE-cyanine7, clone 
2H4, Beckman Coulter, CA, USA) and CD62L (APC-cya-
nine7, clone DREG-56, Biolegend, Tokyo, Japan) to ana-
lyze the T-cell-differentiated phenotype [23–25]. MLPC 
cells were stained with CD39 (PE-cyanine7, clone A1, 
Biolegend, Tokyo, Japan). CD39 is not only an exhaus-
tion marker but also a marker for tumor antigen-specific 
CD8 + T cells in tumor-infiltrating T cells [26–28]. Previ-
ous study showed that sustained TCR stimulation for more 
than a week upregulated CD39 expression in vitro [28]. 
Live T cells were separated by 7-AAD (Biolegend, Tokyo, 
Japan) and isotype controls were used for adequate gating. 
The gating of WT1-specific CD8 + T cells was performed 
after a background assessment using HLA-A*24:02-neg-
ative tetramer-PE (MBL, Nagoya, Japan). All antibody 
reagents were used according to the manufacturer’s proto-
col. Fc receptor blocking buffer was added to all samples. 
Flow cytometry was performed on FACSCalibur (BD Bio-
sciences) or CytoFLEX (Beckman Coulter) and analyzed 
using CytExpert software (Beckman Coulter).

TCR repertoire analysis of WT1‑specific CD8 + T‑cell 
clones

The MLPC assay was modified as follows to harvest 
enough WT1-specific CT8 + T cells for the TCR repertoire 
analysis: cytokines for cultures were changed from IL-2 to 
10 ng/ml of IL-15 and IL-21 because of their synergistic 
effects on CD8 + T-cell expansion [29]. Expanded WT1-
specific CD8 + T-cell clones were sorted as the lympho-
cyte fraction with double positivity for the WT1 tetramer 
and CD8 per well using FACSAria (BD Biosciences). The 
next-generation sequencing of T-cell receptor β (TCRB) 
and a bioinformatics analysis of the sorted cells were 
performed by Repertoire Genesis Incorporation (Osaka, 
Japan) using the unbiased gene amplification method with 
Adaptor-Ligation PCR [30]. Out-of-frame sequences were 
excluded from the analysis.

Statistical analysis

The Student’s t-test was used to assess the significance of 
differences in the results of the cytotoxicity assay, which 
was conducted in triplicate under each condition. Two-
tailed P-values < 0.05 were considered to be significant.

Result

Clinical course of a patient with CML who received 
the WT1 peptide vaccine

A patient with CML in the chronic phase (53 years old, 
male, HLA-A*24:02-positive) was administered the WT1 
peptide vaccination after providing written informed consent 
because bcr-abl transcripts were gradually increasing dur-
ing a treatment with imatinib and second-generation TKIs 
were not available at that time [17]. The clinical course of 
the patient during 13 months of the vaccination and first 
one year after the cessation of vaccination was previously 
described. Briefly, the copy number of major bcr-abl tran-
scripts gradually decreased and became undetectable by the 
TMA method after the first year of the cessation [17]. The 
subsequent clinical course is shown in Fig. 1. The RT-PCR 
method using IS was introduced and DMR was identified in 
the sixth year of cessation. Imatinib, which had been con-
tinued before and after the WT1 peptide vaccination, was 
discontinued due to anemia in the eighth year of the cessa-
tion. Thereafter, the patient maintained DMR without any 
TKIs for more than 3 years.

Continuous monitoring of WT1‑specific CD8 + T cells 
by the MLPC assay

As previously described, WT1-specific CD8 + T cells were 
undetectable by the MLPC assay before the WT1 peptide 
vaccination [17]. After vaccination, WT1-specific CD8 + T 
cells became detectable, and the estimated frequency of 
WT1-specific CD8 + T cells peaked in the second year after 
cessation of vaccination (27 cells per  106 CD8 + T cells) 
and then slowly declined [17]. Ten years after the cessation 
of vaccination, WT1-specific CD8 + T cells were found to 
persist at a frequency of less than 5 cells per  106 CD8 + T 
cells (0.0005%). The results of the MLPC assay in the 11th 
year (Fig. 2A) revealed precise populations of WT1-specific 
CD8 + T cells. The major phenotypes of all WT1-specific 
CD8 + T cells were CD62L (−) and CD45RA (−); however, 
one population of WT1-specific CD8 + T cells contained a 
fraction of CD62L (+) and CD45RA (−) as the minor phe-
notype (Fig. 2B).

Cytotoxic functionality of WT1‑specific CD8 + T cells 
that persisted after the vaccine cessation

The cytotoxic functionality of the detected WT1-specific 
CD8 + T cells was evaluated using an MLPC assay 11 years 
after the cessation of WT1 vaccination. The cells in the posi-
tive wells were harvested into one tube (MLPC-positive cells 
containing 5.3% WT1 tetramer + CD8 + T cells) and used 
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as effector cells, whereas the MLPC-negative cells were 
used as controls. When using target cells (T2A24-GFP 
cells) pulsed with the WT1 peptide, the cytotoxicity rate 
in MLPC-positive cells was 37% (1% in control), and the 
concentration of IFN-γ in the supernatant was 327 ng/mL 
(24 ng/mL in control). In contrast, when using target cells 
without the WT1 peptide pulse, the rate of cytotoxicity and 
the concentration of IFN-γ in the supernatant were low and 
comparable to those in the control (Fig. 2C, D). In summary, 
WT1-specific CD8 + T cells detected in the MLPC assay 
were CTLs that retained WT1-specific cytotoxicity.

The diversity of TCRs in decade‑long WT1‑specific 
CTLs

WT1-specific CD8 + T cells detected by the MLPC assay 
occasionally showed different fluorescence intensities for the 
WT1/MHC tetramer in each well (Fig. 2A). Therefore, we 
hypothesized that WT1-specific CD8 + T cells with TCRs 
that exhibit different affinities for the WT1/MHC complex 
might be simultaneously present in the patient. CD39 is one 
of the markers expressed by CTLs chronically exposed to 
intense TCR stimulation [26, 28]. In support of our hypoth-
esis, WT1-specific CD8 + T cells showed different CD39 
expressions in diverse wells, despite receiving the same 
stimulation with the WT1 peptide (Fig. 3A). To determine 
whether a specific TCR has been used in WT1-specific 
CD8 + T cells, sequencing analysis of TCRβ was performed 
on wells in which enough WT1 tetramer + CD8 + T cells 
were sorted by flow cytometry. We conducted these analyses 

on three occasions in the period from the 11th to 12th year 
after vaccine cessation. These results demonstrated the 
presence of diverse TCRs in WT1-specific CD8 + T cells 
(Fig. 3B). However, no TCRs were continuously detected 
in multiple analyses. Thus, no predominant WT1-specific 
CD8 + T-cell clones were identified in the patient with CML.

Discussion

The present study demonstrated that HLA-A*24:02-
restricted modified-type WT1 peptide vaccine therapy 
induced WT1-specific immune effects for a long period of 
time (more than 10 years) based on the continuous detec-
tion of WT1-specific CTLs in the CML patient using the 
MLPC assay.

WT1-specific CTLs, which were amplified from the same 
WT1 peptide, possessed a diversity of TCRs. A previous 
study reported that each T cell has cross-reactivity and also 
that numerous possible TCRs may bind to the same antigen 
[31]. WT1-specific CTL lines have been successfully estab-
lished from healthy donors using the same modified WT1 
peptide employed in the present study, and the sequences of 
TCR-BVs in each clone differed [32, 33]. However, in these 
studies, the diversity of the TCRs of WT1-specific CTLs 
in a single donor was not clearly demonstrated because 
WT1-specific CTL lines were established from more than 
one patient. Furthermore, there is currently no informa-
tion on the diversity of the TCRs of WT1-specific CTLs 
in patients after WT1 peptide vaccinations. In the present 

Fig. 1  Changes of bcr-abl transcripts and WT1-specific CTLs in 
a WT1 peptide vaccinated CML patient. The results of clinical and 
immune monitoring for 13 years after vaccination were shown. The 
level of BCR-ABL transcripts were measured using high-sensitiv-
ity Amp-CML assay, which is based on the transcription-mediated 

amplification method for the first 5 years after the cessation of the 
WT1 peptide vaccine (*) and then by BCR-ABL/ABL ratio using 
real-time RT-PCR method and International Scale (IS) (†). Estimated 
frequency of WT1-specific CD8 + T cells were shown as immune 
monitoring
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study, we showed for the first time that WT1-specific CTLs 
were induced with diversity in a single patient who received 
the WT1 peptide vaccine. We did not identify any domi-
nant TCRs that were repeatedly detected in the sequential 
analysis at least 10 years after the WT1 peptide vaccine. The 
WT1-specific cytotoxicity of WT1-specific CTLs obtained 
by the MLPC assay has been maintained in the absence of a 
specific predominant TCR. It should be noted that the MLPC 
assay is not a comprehensive method to analyze all WT1-
specific CTLs present in a patient, because only CTL clones 
which adapted to MLPC conditions had been amplified and 

analyzed. Although the TCRs we analyzed may be only a 
small part, however, the present results suggest that the WT1 
peptide vaccination induces functional WT1-specific CTLs 
with different TCRs in the long term.

A previous study reported differences in affinity to 
the WT1 peptide/MHC complex and cytotoxicity among 
WT1-specific CTL clones with different TCRs [32]. 
Although we did not directly compare the functionali-
ties of each CTL in the present study, the following two 
results suggested that the affinity for the WT1 peptide/
MHC complex and functionality may differ in each CTL. 

Fig. 2  Results of the MLPC 
assay were performed 11 years 
after cessation of the WT1 pep-
tide vaccine. A MLPC cells in 
20 wells (Nos. 1–20) were cul-
tured using the MLPC method. 
Wells 3, 5, 14, and 19 contained 
WT1-specific CD8 + T cells 
and were MLPC-positive. No 
clear WT1 tetramer-binding 
CD8 + T cells were detected 
prior to MLPC. B Differences in 
the properties of WT1-specific 
CD8 + T cells among MLPC 
cells. WT1-specific CD8 + T 
cells in well 14 expressed 
CD45RA (−) and CD62L (−) as 
the effector memory pheno-
type, whereas WT1-specific 
CD8 + T cells in well 5 partially 
expressed CD45RA (−) and 
CD62L (+) as the central mem-
ory phenotype. WT1 tetramer-
unbound CD8 + T cells in well 
no. 14 were used as positive 
controls. C, D Cytotoxicity 
assay of WT1-specific CD8 + T 
cells obtained by MLPC assay. 
The target cells were T2A24-
GFP cells pulsed with or 
without the WT1 peptide, and 
the effector cells were MLPC 
cells containing WT1-specific 
CD8 + T cells (+) or not (−). 
The percent cytotoxicity was 
calculated using the counts of 
viable target cells [GFP (+) and 
7-AAD (−)] and analyzed by 
flow cytometry. C The concen-
tration of IFN-γ released during 
the cytotoxicity assay was 
measured using ELISA (D). All 
experiments were performed in 
triplicates. Student’s t-test was 
used to assess the significance 
of differences
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CTLs with different phenotypes related to their function 
were amplified regardless of the same culture procedure. 
Furthermore, the WT1 tetramer assay showed that the flu-
orescence intensity of the WT1 tetramer differed for each 
WT1-specific CTL. In previous studies that compared the 
properties of clones with the different fluorescence intensi-
ties of the WT1 tetramer, CTL clones with stronger WT1 
tetramer fluorescence intensity (WT1-tetramerhigh CTL) 
had higher levels of CD5, a marker of resistance to activa-
tion-induced cell death, and were more cytotoxic than CTL 
clones with weaker fluorescence intensity (WT1-tetramer-
low CTL) [34, 35]. Similar to these findings, CTLs with 
different fluorescence intensities of WT1 tetramers in the 
present study may have had different functionalities.

The major phenotype of all WT1-specific CTLs amplified 
by MLPC was CD62L (−) CD45RA (−), which is described 
as a phenotype of effector memory CD8 + T cells [25]; how-
ever, one of the WT1-specific CTLs contained a fraction of 
CD62L (+) CD45RA (−), which is described as a pheno-
type of central memory CD8 + T cells [25]. Central mem-
ory T cells have a higher amplification capacity and mainly 
produce IL-2, while effector memory T cells have a lower 
amplification capacity and mainly produce IFN-γ [36]. The 
present results also showed that WT1-specific CTLs express-
ing and not expressing CD39 were amplified by the MLPC 
assay. Previous studies demonstrated that CD39-expressing 
CD8 + T cells were exhausted cells that had been chroni-
cally activated by a TCR stimulation, showed the decreased 

Fig. 3  Results of sequencing 
analysis on TCRβ of WT1-spe-
cific CTLs detected by MLPC 
assays. A Three of the WT1-
specific CTLs for analyses were 
obtained using the MLPC assay 
in the 11th year after WT1 
vaccine cessation. Each of the 
three CTLs differed in the fluo-
rescence intensity of the WT1/
MHC tetramer and the expres-
sion of CD39. B Sequencing 
analyses were performed three 
times between the 11th and 12th 
year after the WT1 vaccine ces-
sation. Although various TCRs 
were detected, any recurrently 
detected TCRs were not found
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production of TNF and IL-2, and had high expression lev-
els of co-inhibitory factors [26, 37]. Also, another study 
showed that the expression of CD39 has been reported to be 
progressively upregulated by long-term TCR stimulation, 
while it was limited by short-term TCR stimulation [28]. 
This suggests that the reason for the different expression of 
CD39 in each WT1-specific CTL clone could involve differ-
ences in the affinity of the TCR for the HLA/WT1 peptide 
complex. This study clarified the existence of functionally 
heterogeneous CTLs that show different responsiveness to 
the WT1 peptide stimulation in the CML patient. However, 
there was several limitations regarding the analysis to the 
cellular phenotype and functionality of WT1-specific CTLs 
in this study. First, this study did not examine exhaustion 
markers other than CD39 or any activation markers. Second, 
since most of the amplified WT1-specific CTLs had insuf-
ficient cell numbers to perform cytotoxicity assays, it was 
difficult to investigate the direct relationship between cel-
lular phenotype and functionality for each CTL. Finally, the 
phenotype of WT1-specific CTLs in vivo remained unclear 
in the present study due to the limitations of phenotypic 
changes caused by in vitro expansion. Further studies are 
needed in the future.

The frequency of WT1-specific CTLs estimated by the 
MLPC assay was less than 5 out of 1 million CD8 + T cells 8 
years after the vaccination. Even with this rare existence, the 
clinical course of CML was favorable after the vaccination, 
which suggests that WT1-specific CTLs continued to exert 
their effects in vivo. Although the expression level of the 
WT1 gene transcript was not monitored, the expression level 
of the BCR-ABL transcript gradually decreased, confirming 
that this patient eventually reached DMR. An oscillation in 
the BCR-ABL/ABL ratio near the sensitivity threshold was 
observed in the patient even in the absence of TKIs, which 
indicated that CML stem cells were still present. However, 
anti-tumor immunity that suppresses the relapse of CML 
may also have been present [38, 39]. Although long-term 
analysis of immunocompetent cells other than CTL such as 
NK cells have not been performed in this study, it was sug-
gested that the WT1-specific CTLs may have played a part 
in long-term anti-tumor immunity against CML.

In summary, we have demonstrated that the WT1 pep-
tide vaccine induces an immune response that persists for 
more than 10 years, even after the cessation of vaccination 
in CML patients. Diverse TCRs in WT1-specific CTLs were 
observed in the patient.
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