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ABSTRACT
The Wilms’ tumor oncogene protein (WT1) is a highly validated tumor antigen for immunotherapy. WT1-
targeted immunotherapy has been extensively explored in multiple human trials in various cancers.
However, clinical investigations using WT1 epitopes have generally focused on two peptides, HLA-
restricted to HLA-A�02:01 or HLA-A�24:02. The goal of this study was to identify new epitopes derived
from WT1, to expand the potential use of WT1 as a target of immunotherapy. Using computer-based
MHC-binding algorithms and in vitro validation of the T cell responses specific for the identified peptides,
we found that a recently identified HLA-A�24:02-binding epitope (239–247), NQMNLGATL (NQM), was also
a strong CD8C T cell epitope for HLA-A�02:01 molecule. A peptide second position Q240L substitution
(NLM) or Q240Y substitution (NYM), further enhanced the T cell responses in both HLA-A�02:01 positive
and HLA-A�24:02 positive healthy donors. Importantly, T cells stimulated with the new analog peptides
displayed heteroclitic cross-reactivity with the native NQM sequence and were able to kill HLA-matched
WT1-positive tumor cell lines and primary leukemia blasts. In addition, longer native and heteroclitic HLA-
DR.B1-binding peptides, comprising the nine amino acid NQM or NLM sequences, could induce T cell
response that recognized the CD8C epitope NQM, suggesting the processing and the presentation by
HLA-A�02:01 molecules of the CD8C T cell epitope embedded within it. Our studies suggest that the
analog peptides NLM and NYM could be potential candidates for future immunotherapy targeting WT1
positive cancers in the context of HLA-A�02:01 and A�24:02 positive populations.
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Introduction

WT1 is a zinc finger transcription factor that is normally
expressed in mesodermal tissues during embryogenesis. In nor-
mal adult tissue, WT1 expression is limited to low levels in
CD34C haematopoietic stem cells, and renal podocytes; WT1 is
overexpressed in leukemias of multiple lineages and a wide
range of solid tumors.1-3 More recently, WT1 expression has
been reported to be a marker of minimal residual disease in leu-
kemia. Increasing transcript levels in patients with acute mye-
loid leukemia (AML) in morphologic remission have been
predictive of overt clinical relapse.4,5 The lack of haemato-
poietic progenitor cell suppression by WT1 anti-sense treat-
ment or WT1-specific CTLs suggests that WT1 is a highly
selective cancer target for immunotherapy.6 Furthermore, anti-
bodies to WT1 were detected in patients with haematopoietic
malignancies and solid tumors, indicating that WT1 is a non-
tolerizing antigen.7

Immunotherapy targeting WT1 has been extensively
explored in pre-clinical studies and in numerous clinical trials
in patients with hematological malignancies and solid tumors.
Since WT1 is an intracellular protein that cannot be targeted
by conventional monoclonal antibody (mAb) therapy, generat-
ing WT1-specific cytotoxic CD8C T cell (CTL) responses that
recognize peptides presented on cell surface by MHC class I

molecule has been a major goal for WT1-targeted therapy.
Active immunization with WT1-derived peptides, DNA and
dendritic cell (DC) vaccines and adoptive transfer of WT1 epi-
tope-specific T cells have been widely used as experimental
approaches in a variety of human cancers. In some cases, clini-
cal benefits have been shown to be associated with T cell
responses.8-11 Most recently, the use of TCR mimic monoclonal
antibodies to WT1 epitopes has been explored as another
approach.12-15

To date, two HLA class I peptides have been the focus of
much study worldwide. WT1 126–134 (RMFPNAPYL) is pre-
sented by human leukocyte antigen (HLA) HLA-A�02:01, a
common HLA type in Caucasians and WT1 235–243
(CMTW), presented by HLA-A�24:02, a frequent HLA type in
Japanese, other Asian, and Latino populations. Both peptides
have been shown to be processed and presented by their
restricting HLA-alleles to induce cytotoxic CD8C T cells, capa-
ble of killing WT1-positive tumor cells.1,8,9 To enhance the
immunogenicity of the native RMFPNAPYL (RMF) peptide,
we generated an analog peptide by substituting the first amino
acid with tyrosine, R126Y or YMFPNAPYL (YMF) peptide,
which increased the stability of peptide binding to HLA-
A�02:01 molecule. This peptide has been shown to induce
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more potent CD8C T cell response, which recognizes the native
peptide and kill the WT1-expressing leukemia cells.16 We have
demonstrated that the WT1 YMF peptide vaccine induces
immune responses in a high proportion of patients with both
AML and thoracic malignancies in our phase I and II trials.9,17

Long survival was also observed in some AML patients who
received the vaccinations.8,9,18 Similarly, an analog peptide for
WT1–235 made by substitution of the second amino acid with
tyrosine (M236Y or CYT) has been used in clinical trials in leu-
kemias and various solid tumors and has demonstrated both
immunological and clinical responses.1 These results are
encouraging and have provided strong evidence and a rational
for therapeutic targeting of the WT1-derived T cell epitopes for
leukemias and other human cancers.

To help generate and sustain a long-lasting memory CD8C T
cell response, a strategy to include CD4C T cell epitopes in vaccine
design has received much attention and promising results. Detec-
tion of Th1-biased IgG1 Ab specific for WT1 protein in the sera of
patients with AML implies that WT1-specific CD4C T helper
responses are present in these patients. WT1 class II peptides spe-
cific for multiple HLA-DRB1� haplotypes have been identified
with helper function for CD8C T cell responses, and in some cases,
with direct CD4C T cell cytotoxicity against the cancer.19-21

Human cancers commonly express multiple antigens (Ags).
Targeting multiple Ags would reduce the chances of tumor
escape in the setting of antigen loss variants. In the search for
new T cell epitopes for the WT1 oncoprotein, a new WT1-
derived peptide, NQMNLGATL, has recently been identified,22

as an immunogenic epitope for CD8C T cells in the context of
HLA-A�24:02 molecule. Here, we found that this peptide can
also be presented by HLA-A�02:01, thereby also inducing
strong T cell responses within this restriction. We generated an
analog heteroclitic peptide by substitution of the glutamine at
the second peptide position with leucine, a canonical anchor
for HLA-A�02:01. This Q240L modification of the peptide fur-
ther enhanced T cell responses in healthy donors with HLA-
A�02:01 molecule. Importantly, T cells stimulated with the new
analog peptide cross-reacted with its native peptide sequence
and were able to kill HLA-matched leukemia cell lines and pri-
mary leukemia blasts. This new peptide could be a potential
candidate for T cell-based therapy in HLA-A�02:01 or HLA-
A�24:02 positive populations.

Results

Predicted binding of the native and its analog peptides to
HLA-A�02:01 and HLA-A�24:02

Using a pool of 15 mer overlapping peptides spanning human
WT1 protein to sensitize human T cells in vitro, the sequence 239–
247 (NQMNLGTAL) has recently been identified as an immuno-
genic CD8C T cell epitope in the context of HLA-A�24:02.22 In
order to generate analog peptides with stronger immunogenicity,
we first screened the prediction scores of the native peptide and
possible analogs with various amino acid substitutions in the posi-
tion 2 and 9 (class I anchor residues), using four online available
databases (BIMAS, RANKPEP, SYFPEITHI and Net MHC)
(Table 1). The predicted binding scores from all four databases
showed better predicted binding of the native NQM peptide to
HLA-A�02:01 than to HLA-A�24:02 molecule. When the gluta-
mine at position 2 was substituted by leucine, the binding score to
HLA-A�24:02 remained at a similar level by all prediction pro-
grams. However, a significantly stronger binding score was pre-
dicted for HLA-A�02:01 and 15-fold higher affinity. On the other
hand, when the glutamine at the position 2 was substituted by tyro-
sine, binding score to HLA-A�24:02 was dramatically improved in
three of four algorithms, showing about 90-fold increased binding
by BIMAS prediction and 100-fold higher affinity. However, bind-
ing to HLA-A�02:01 generally decreased. All three peptides were
predicted to be cleaved at the C-terminus by RANKPEP algorithm,
suggesting the potential processing of the peptide fragment. We
also checked the binding score by substitution with various amino
acids at position 9 but none of them showed a significant improve-
ment in binding compare with the substitution at the position 2.
Therefore, the two analog peptides NLMNLGTAL andNYMNLG-
TAL (Q240L and Q240Y) were selected for further studies
(Table 1).

Binding of the peptides to HLA-A�02:01 and HLA-A�24:02
molecules

The immunogenicity of MHC class I-restricted peptides requires
the capacity to bind and stabilizeMHC class I molecules on the live
cell surface. Moreover, the computer predictions are typically no
more than 70–80% accurate; therefore we sought direct measure-
ment of the strength of the interaction between the peptides and

Table 1. Peptide binding to HLA-A�02:01 or HLA-A�24:02 was predicted by four different algorithms as indicated. Peptide binding to HLA-DR.B1 was predicted by SYFPE-
THI algorithm. All software can be found in the Materials and methods.

HLA-class-II-binding scores by SYFPETHI prediction algorithm.

BIMAS SYFPETHI RANK-PEP Net MHC (kd, nM)

Sequences (p239–247) HLA-A�02:01 HLA-A�24:02 HLA-A�02:01 HLA-A�24:02 HLA-A�02:01 HLA-A�24:02 HLA-A�02:01 HLA-A�24:02

NQMNLGATL 8.014 7.200 16 10 34 10.482 917 4343
NLMNLGATL 79.041 7.2 26 10 78 8.948 59 6771
NYMNLGATL 0.011 360.000 16 20 41 23.573 13011 56

HLA-class-II-binding scores by SYFPETHI prediction algorithm.

Sequences (p238–252) DR.B1-0101 DR.B1-0301 DR.B1-0401 DR.B1-0701 DR.B1-1101 DR.B1-1501

wNQMNLGATLkgvaa 17 13 14 16 13 24
wNLMNLGATLkgvaa 17 13 14 16 13 24
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the HLA-A�02:01 molecules using a conventional binding and sta-
bilization assay that uses the TAP deficient HLA-A�02:01 human
T2 cells. T2 cells lack TAP function and consequently are defective
in properly loading class I molecules with antigenic peptides gener-
ated in the cytosol. The association of exogenously added peptides
with thermolabile, empty HLA-A�02:01 molecules stabilizes them
and results in an increase in the level of surface HLA-A�02:01 rec-
ognizable by specific anti-HLA-A�02:01mAb such as BB7.2.

The T2-binding assay showed that native NQM peptide did
not stabilize the HLA-A2 expression on T2 cells (Fig. 1A).
However, the NLM analog peptide stabilized the HLA-A2 mol-
ecule in a dose-dependent manner (Fig. 1B). Similar to the
native peptide NQM, the NYM peptide, which showed no con-
sistent predicted increase in binding HLA-A2 (Table 1), did
not increase HLA-A2 expression (Fig. 1C). These data con-
firmed that NLM peptide is a stronger binder to HLA-A�0201,
as predicted by the computer-based algorithm.

Induction of peptide-specific cytotoxic T lymphocyte (CTL)
response in the context of HLA-A�02:01 and A�24:02
molecules

Although affinity for MHC molecules is necessary for peptide
presentation, it is not always sufficient for T cell recognition
and response. The T cells may be tolerant or anergic to the epi-
tope, or the reactivity may be absent from the TCR repertoire.

Therefore, using a well-established stimulation protocol in
vitro,16 we investigated whether the new synthetic WT1 analogs
could stimulate peptide-specific T cell response in both HLA-
A�02:01 and A�24:02 donors.

To induce peptide-specific T cell response in healthy human
donors, three to five in vitro stimulations were performed and the
specificity of T cell response wasmeasured by IFN-gamma produc-
tion, when challenged with individual peptide (Fig. 2). We first
compared the NQM peptide with the analog peptide YMF of the
WT1 epitope RMF peptide, in eliciting T cell response in HLA-
A�02:01C donors. Both NQM and YMF peptides induced peptide-
specific T cell response after three stimulations (Fig. 2A); responses
were significantly enhanced after five stimulations (Fig. 2B). (Please
note scale differences in panels.) The NQM-stimulated T cells rec-
ognized the native NQMpeptide and also its analog peptides NLM
and NYM, but not unrelated WT1 sequences RMF or YMF. Simi-
larly, the YMF peptide induced strong T cell response against YMF
and RMF, but not any of the WT1 239 peptides or the WT1 235
peptide CMTW. Importantly, the data demonstrated that the
NQM peptide is a strong T cell stimulator in the context of HLA-
A�02:01 molecule, comparable to the well-studied YMF peptide.
Peptide-specific T cell responses induced by NQM and NLM pep-
tide were further tested and confirmed in multiple HLA-A�02:01C

donors. The strength of the T cell response induced by NQM and
NLM was highly variable among the donors used (compare panels
A–D). In some donors, responses were far lower for NQM than

Figure 1. T2 stabilization assay with NQM peptides and analogs. The binding of NLM peptide to HLA-A2 molecule was stronger than NQM and NYM peptides. Native
NQM, heteroclitic NLM or NYM peptides were pulsed onto T2 cells at the indicated concentrations as described in the Materials and methods and shown in the inset. The
stabilization of the HLA-A2 molecule by the peptides was measured by the expression of HLA-A2 molecule using an anti-HLA-A2 mAb, clone BB7, conjugated to FITC,
and recorded as fluorescence on the x-axis.
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NLM (Fig. 2C), and in others the reverse was true (Fig. 2D). This
was seen as well in the cytotoxicity and Elispot assays described in
other figures below. The differences did not appear to be related to
heterozygosity of the A02 allele. However, both peptide-induced T
cell responses were specific for the stimulating peptides. In addi-
tion, there was a strong cross-reactivity between native and analog
peptides. The NYM peptide, could also induce peptide-specific
IFN-gamma secretion after repeated stimulation of T cells from a
donor of HLA-A�02:01. However, the response was generally
weaker than NQM and NLM peptides in multiple HLA-A�02:01C

donors.
We next tested if NQM or NLM peptide could generate CTLs

that could recognize and specifically kill NQM-expressing target
cells. NLM-stimulated CTLs showed cytotoxicity against T2 cells
pulsed with NQM peptide, as compare with T2 cells alone or
pulsed with control HLA-A2-binding EW peptide. NQM peptide
also showed cytotoxicity against T2 pulsed with NQM peptide, but
the net killing was weaker than NLM-induced CTLs (Fig. 3A vs.
3B). To verify recognition of the naturally processed NQM epitope,
CTLs were generated from HLA-A�02:01C donors by stimulating
with NLM peptide. NLM-induced CTLs recognized and lysed
WT1CHLA-A�02:01C leukemia cell line 697, but not WT1CHLA-
A�02:01¡ AML cell line HL-60, nor HLA-A�02:01CWT1-negative
leukemia cells SKLY-16 (Fig. 3C). Importantly, the CTL were also
able to kill leukemia blasts from a HLA-A�02:01C patient with
AML, but not the blasts from a patient who is non HLA-A�02:01
nor A�24:02 (Fig. 3D). When T cells from a donor who is HLA-
A�02:01 homozygous were stimulated with NQM, NLM or NYM
peptide, the best killing against WT1C HLA-A�02:01C leukemia

cell lines 697 and BV173 was seen by T cells stimulated with NLM
peptide, followed by NQM, but not NYM peptide (Figs. 4A, B and
C). We further confirmed that NLM-stimulated T cells were able
to lyse AML blasts in a HLA-A0201-restricted manner and that
IFN-gamma pre-treatment enhanced the cytotoxicity (red line),
suggesting that the NQM epitope could be better processed and
presented by HLA-class I molecule (Fig. 4D), after IFN-gamma
treatment.

We next assessed if the analog peptide for HLA-A�24:02,
NYM, could induce CTLs in the context of HLA-A�24:02 mole-
cule. Indeed, NYM peptide induced a strong peptide-specific T
cell response showing by IFN-gamma secretion, which cross-
reacted with native sequence NQM, after three stimulations. In
contrast, the NQM and NLM peptides induced little response,
or a far weaker response, respectively; both of these peptides
have favorable affinity for HLA-A�02:01 molecule rather than
A�24:02 (Fig. 5A). Importantly, both NQM and NYM peptides
induced CTLs that killed a HLA-A�24:02CWT1Cmesothelioma
cell line, and a HLA-A�24:02C B cell leukemia BA25, but not the
A�24:02 negative HL-60 cell line (Figs. 5B, C and D). These data
demonstrated that NYM analog peptide is a strong epitope for
CD8C T cells in the context of HLA-A�24:021 molecule.

Induction of T cell responses by HLA-DR. B1 peptides
that recognize NQM CD8C T cell epitopes

It has been shown19,20 that a peptide combining both CD4C

and CD8C epitopes can be more effective than the single class I
epitope in eliciting effective immune response for vaccine

Figure 2. Peptide-specific T cell responses measured by gamma interferon ELISPOT assays. (A and B) The NQM induces peptide-specific T cell response, comparable to the
peptide YMF, an analog peptide for RMF epitope. CD3 T cells from a healthy HLA-A�02:01C donor were stimulated with either NQM or YMF peptide for three (A) or five (B)
rounds. The peptide-specific response was measured by the IFN-gamma Elispot assay by pulsing autologous CD14C cells (antigen-presenting cells, APC) with individual
peptide. Each data point represents a mean C/¡ SD from triplicate cultures. (C and D) The NLM peptide induced strong peptide-specific T cell responses which cross-
reacted to the native sequence NQM in a HLA-A�02:01 homozygous donor. CD3 T cells from a healthy HLA-A�02:01 homozygous donor were stimulated with either NQM
or NLM peptide three times (C). Similarly, T cells from a HLA-A�02:01 heterozygous donor were stimulated with NQM, NLM, or NYM three times (D) and the peptide-spe-
cific response was measured by the IFN-gamma secretion upon challenging with individual peptide. Each data point represents the meanC/¡ SD from triplicate cultures.
Data are representative of results from ten experiments from six donors.
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design, because CD4C T cells can help CD8C CTL by fully acti-
vating DCs through the CD40/CD40L signaling as well as by
producing IL-2 and IFN-gamma. In addition, if T cells stimu-
lated with longer peptides recognize the shorter CD8C epitopes,

embedded within long peptides, it would confirm the process-
ing and the presentation of the CD8C T cell epitopes from the
larger protein. Therefore, we designed two HLA-DR.B1-bind-
ing peptides, that span the NQM and NLM epitopes,

Figure 3. NLM peptide induced peptide-specific cytotoxicity by T cells that recognizes NQM native sequence. T cells from a HLA-A�02:01C donor were stimulated with
either NQM (A) or NLM peptide (B ) for five times and the cytotoxicity was measured by standard 51Cr-release assay against T2 cells pulsed with NQM peptide. Similarly,
CD3T cells from two different donors who are HLA-A�02:01C, were stimulated with analog NLM peptide for five rounds and the cytotoxicity was measured against WT1C

HLA-A�02:01C leukemia cells 697, WT1- HLA-A�02:01C leukemia cells SKLY-16, WT1C HLA-A�02:01¡ leukemia cell line HL-60 (C) and leukemia blasts derived from a HLA-
A�02:01C or negative patient with AML (D). Each data point represents the mean from triplicate micro-well cultures. Data represent results from seven experiments from
three donors in panels A, B and C, and three experiments from three pairs of samples from AML patients.

Figure 4. NLM peptide induced stronger T cell cytotoxicity against WT1C leukemia cells in the context of HLA-A�02:01 molecule. CD3T cells from a donor who is HLA-
A�02:01 homozygous were stimulated with analog NLM peptide (A), native NQM peptide (B) and NYM peptide (C) for five rounds and the cytotoxicity was measured
against WT1C HLA-A�02:01C leukemia cells 697 and BV173 and WT1C HLA-A�02:01¡ leukemia cell line HL-60. The T cells also lysed AML blasts from a patient who is
WT1C HLA-A�02:01C (blue line) and IFN-gamma treatment further enhanced the cytotoxicity (red line). No killing was observed against the AML blasts from a patient
who is WT1C, but HLA-A�02:01 negative (green line: untreated and purple line: with IFN-gamma) (D). Each data point represents the mean from triplicate micro-well cul-
tures. Data represent results from seven experiments from three donors in panels A, B and C, and three experiments from three pairs of samples from AML patients.
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respectively, and bind to multiple HLA-DR.B1 alleles at various
degrees, predicted by the SYFPEITHI algorithms (Table 1).
The HLA-DR.B1 peptides spanning NQM and NLM short pep-
tides were designated as DR238-native and DR238-heteroclitic,
respectively.

We investigated whether the inclusion of either NQM or
NLM in DR.B1–238 native or heteroclitic peptide would induce
both CD4C and CD8C T cell responses by stimulating CD3 T
cells with both DR peptides, from a donor who is HLA-
A�02:01C/A�24:02C and DR.B1 0801/1001. The DR238-native
peptide induced peptide-specific IFN-gamma secretion directed
primarily to itself, and the DR238-heteroclitic analog peptide
induced strong T cell responses against the CD8C epitopes
NQM, NLM, NYM and also both native and heteroclitic
DR238 peptides (Fig. 6 A). This suggests that the long peptide
could simultaneously induce both CD4C and CD8C T cell
responses and more importantly, the NQM CD8C epitopes are
processed and presented by HLA-A�02:01 and A�24:02 mole-
cules, as the donor is HLA-A�02:01 and A�24:02 positive. The
ability of inducing both CD4C and CD8C T cell responses by
both DR238 peptides was confirmed in multiple donors with
various HLA-DR.B1 haplotypes. When T cells from a donor,
who was homozygous HLA-A�02:01 and DR.B1 0701/1101C,
were stimulated with DR238 native peptide for five rounds, a
strong peptide-specific HLA-DR-restricted response was
induced. The addition of anti-HLA-DR antibody blocked the
peptide-specific response (Fig. 6B). The T cells were also able to
kill WT1CHLA-A�02:01C AML cell line SET-2 but not HL-60
(Fig. 6C). The DR238-heteroclitic peptide also induced a HLA-
class-I-restricted T cell response from the same donor, because
the anti-HLA-class I mAb abrogated the IFN-gamma secretion
against CD8C epitopes NQM and NLM (Fig. 6D). Consistently,

the T cells killed HLA-A�02:01C leukemia cells 697 cells, but
not HL-60 cells (Fig. 6E).

These results demonstrated that short WT1–239 fragment is
processed and presented to be recognized by HLA-A�02:01
molecule. Finally, when T cells from a donor, who is HLA-
A�02:01C and DR.B1 07xx/15xx, were stimulated with DR238
analog peptide for four rounds, a CTL response was generated
against WT1C, HLA-A�02:01C tumor cells 697, SET-2, but not
HLA-A�02:01 negative HL-60 cells. The T cells also killed AML
blasts from a HLA-A�02:01 negative patient, who shares the
DR.B1 allele with the donor T cells (DR.B1 15xx). As shown in
Table 1, this peptide is predicted to have binding affinity to
HLA-DR.B1–15:01. The data suggest possible HLA-DR.B1-
restricted T cell killing. We do not have explanation for the
non-cytotoxicity against the AML blasts from a patient who
was WT1CHLA-A�02:01C in this experiment, but the primary
samples are often variable (Fig. 6F).

Discussion

Clinical success of immune checkpoint inhibitors and adoptive
transfer of T cells specific for tumor-associated antigens has
firmly demonstrated that the immune system can effectively
control subsets of a wide range of cancers.23 Recent technologi-
cal advances in therapeutic platforms using chimeric antigen
receptors in T cells (CAR T cells) and bi-specific antibodies sig-
nificantly improved the efficacy of immunotherapy.24,25 Using
T cell receptor mimic monoclonal antibodies (TCRm mAbs), it
is now possible to target intracellular tumor antigens after pre-
sentation of their peptides on the cell surface with more power-
ful and versatile approaches.12-15,26 There is now renewed
interest in developing cancer vaccines. In pre-clinical mouse

Figure 5. Peptide-specific T cell responses and cytotoxicity in HLA- A�24:02C donors. CD3 T cells from a healthy HLA-A�24:02 homozygous donor were stimulated with
NQM, NLM or NYM peptides for three rounds. The peptide-specific T cell response was measured by the IFN-gamma secretion upon challenging with individual peptide
(A). Each data point represents the mean C/¡ SD from triplicate cultures. CD3 T cells from two different donors were stimulated with either NQM or NYM peptide for
four to five rounds and the cytotoxicity was measured by 51Cr-release assay against WT1C HLA- A�24:02C mesothelioma cell line (B) leukemia cell line BA25 (C) and the
A�24:02 negative line HL60 (D). Each data point represents the mean from triplicate micro-well cultures. Data are representative of 12 experiments from five HLA-
A�24:02C donors.
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models, therapeutic vaccination against neoantigens had the
same efficacy as checkpoint blockade therapy.27-29 Thus, it may
be possible to achieve effective vaccine therapy in conjunction
with immunomodulation. Neoantigens as targets are typically
limited to individual patients, making this strategy difficult to
expand widely to large populations. Therefore, it is crucial to
identify tumor-specific, shared targets in a broader range of
cancers. WT1 is a promising target because of its abundant and
wide range expression in many human cancers, cancer stem
cells, and its limited expression in normal tissues. In a National
Cancer Institute pilot project aimed at prioritizing cancer anti-
gens, WT1 was identified as the highest priority antigen.30 Clin-
ical trials of immunotherapy directed to WT1 in leukemias and
other malignancies have shown that WT1-specific T cell
response could be induced and objective clinical responses
have been observed in some patients.1,8,18,31 Currently, there

are numerous immunotherapy trials focusing on WT1 as a tar-
get, by variety of approaches ranging from peptide vaccination
to adoptive T cell transfer (Clinicaltrials.gov). Multiple HLA
class I and class II-restricted T cell epitopes of WT1 have been
studied, but most work has been focused on two HLA class I
peptides: WT1–126 in the context of HLA-A�02:01 and WT1–
235, in the context of HLA-A�24:02. In addition, the WT1–332
epitope has been widely accepted as a CD4C T cell epitope that
can be presented by multiple HLA-DR.B1 alleles.21,32 A vaccine
consisting of four peptides with multiple class 1 and class 2
epitopes is advancing into late phase trials in AML and meso-
thelioma.9,17 The identification of additional epitopes that are
restricted by other HLA alleles would be important to expand
WT1-targeted immunotherapy to more patients.

In a search of new T cell epitopes derived fromWT1, 41 new
epitopes that are presented by multiple HLA class I or class II

Figure 6. WT1 derived HLA-DR.B1 peptide induced T cell responses that recognized both class I and class II peptides. (A) CD3 T cells from a donor (HLA-A�02:01C/
A�24:02C) were stimulated with the DR-238 native or analog peptide five times and the peptide-specific response was measured by IFN-gamma Elispot assay against indi-
vidual peptides . Each data point represents the mean C/¡ SD from triplicate cultures. Similarly, CD3 T cells from a donor (HLA-A�02:01C/C) were stimulated with DR-238
native peptide (B) or DR-238 heteroclitic peptide (D) for three rounds, and the IFN-gamma secretion was measured with or without antibodies specific for the HLA-DR or
its isotype control mAb (Cont mAb) (B) or HLA-ABC (D). HLA-A�02:01-restricted T cells cytotoxicity was measured against WT1C leukemia cells SET-2 (C) and 697 (E) after
five rounds of stimulation of the T cells. Fig. 6F Cytotoxicity of T cells stimulated five rounds from a donor who is HLA-A0201C and DR.B1–15xx was measured against
WT1C HLA-A�02:01C leukemia cells 697, SET-2, WT1C HLA-A�02:01¡ leukemia cells HL-60 and AML blasts from patients who are HLA-A�02:01C or negative. Each data
point represents the mean from triplicate cultures. Data represent results from seven experiments from four donors.
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alleles were identified using a pool of overlapping 15-mer pepti-
des spanning the entire amino acid sequences of WT1 protein.
The peptide, WT1–239–247, (NQM) has been shown to induce
T cell response in the context of HLA-A�24:02, that were cyto-
tolytic against peptide loaded autologous antigen-presenting
cells (APCs) and more importantly, leukemia blasts.22 Using
computational algorithms to predict the binding and C-termi-
nal cleavage of peptides to HLA-class I, we found that this epi-
tope preferentially binds to HLA-A�02:01 molecule, and is
cleaved in C-terminus, suggesting a high probability of the pre-
sentation of the epitope. Substitution of the position 2 with leu-
cine (NLM) or tyrosine (NYM), predicted enhanced binding to
HLA-A�02:01 or A�24:02 molecules, respectively. We directly
confirmed stronger binding of the peptide NLM to HLA-A2
molecule in vitro and demonstrated stimulation and cytolysis
of T cells with the synthetic peptides. Both native NQM and
NLM peptides elicited CD8C T cell responses in HLA-
A�02:01C healthy donors that were able to specifically lyse
tumor cells lines that were both WT1 and HLA-A�02:01 posi-
tive, demonstrating the heteroclitic properties of the analog
peptides. The NQM peptide also induced T cell responses in
HLA-A�24:02C donors, but to a lesser degree than the response
seen in HLA- A�02:01C donors. On the other hand, the NYM
peptide, as predicted by algorithm, induced a robust CD8C T
cell responses in the context of HLA-A�24:02 molecule and was
able to kill tumor cells expressing both HLA-A�24:02 and
WT1. These results demonstrated that the synthetic NQM and
NLM peptides could be new epitopes for WT1-targeted immu-
notherapy primarily in HLA-A�02:01 population, while NYM
peptide could be used primarily in HLA-A�24:02C donors.

We also designed HLA-DR-binding peptides, in which
either the native NQM sequence or analog CD8C epitope NLM
sequence are embedded. Inducing long-lasting and robust
CD8C T cells requires CD4C T cell help, which provides cyto-
kines and licensing DCs to present antigen more efficiently. In
addition to providing this indirect help for CD8C T cells, direct
antitumor activity of CD4C T cells has also been demonstrated
repeatedly recently, including CD4C T killing against leukemia
cells.20 Recent clinical studies in adoptive transfer of neoanti-
gen-specific T cell have also highlighted the importance of
CD4C T cells in eliminating and controlling tumor growth and
metastasis. Most importantly, CD8C or CD4C T cell epitopes
must be processed and presented on the surface of tumor cells.
By stimulating CD3 T cells with longer peptides, it is possible
to test CD8C T cell response against the nested shorter sequen-
ces that are presented by HLA class I molecules. Indeed, the
HLA-DR.B1–238 native and heteroclitic peptides induced spe-
cific T cell responses against both HLA-DR.B1- and HLA-
A�02:01-binding epitopes, suggesting a simultaneous induction
of CD4C and CD8C T cell responses, and the required process-
ing and presentation of the shorter sequences NQM and NLM.
Interestingly, we also observed that HLA-DR-238 analog pepti-
des induced a HLA-DR.B1–15-restricted cytotoxic T cell
responses against AML blasts from a patient who is not HLA-
A�02:01. These data suggest that in this instance the CD4C T
cells are the cytolytic effectors that were recognizing the CD4C

epitopes presented by HLA-DR.B1–15xx molecule.
In summary, the WT1 NQM epitope, its longer version, and

two analog peptides may be used to broaden the applicability

of WT1-based treatment strategies. These epitopes can be used
as targets of cancer vaccines, adoptive T cell therapy, TCRm
antibodies, or CAR-T cells derived from TCRm mAb.

Materials and methods

Peptides. All peptides were purchased and synthesized by Gen-
emed Synthesis, Inc. (San Antonio, TX). Peptides were sterile
with purity of more than 70% to 90%. The peptides were dis-
solved in DMSO and diluted in saline at 5 mg/mL and stored at
¡80�C. Amino acid sequences and predicted binding of putative
CD4Cepitopes to HLA-DRB1 molecules, HLA-A�02:01 and
HLA-A�24:02 were identified using the predictive algorithm of
the SYFPEITHI, RANKPEP and BIMAS, and were confirmed
with the Net MHC algorithm. HLA-DR.B1 peptides were
selected using the predictive algorithm of the SYFPEITHI. Con-
trol peptides used are as follows: for HLA-DR.B1: BCR.ABL-
derived peptide B2A2L (IVHSATGFKQSSKALQRPVASDFEP);
for HLA-A�02:01: Ewing sarcoma-derived peptide EW
(QLQNPSYDK) and for HLA-A�24:02: prostate-specific mem-
brane antigen (PMSA)-derived peptide 624–632 (TYSVSFDSL).

Samples, cell lines, cytokines and antibodies. After informed
consent on Memorial Sloan-Kettering cancer Center (MSKCC)
Institutional Review Board-reviewed protocols, PBMCs from
HLA-typed healthy donors and patients were obtained by Ficoll
density centrifugation. Human leukemia cell lines SET-2,
BV173, 697, SKLY-16, BA25, HL-60, and a mesothelioma cell
line Meso/A24 were used as a targets for measuring cytotoxicity
of T cells. WT1 expression and HLA phenotyping were
described previously.20 Human granulocyte-macrophage col-
ony-stimulating factor (GM-CSF), interleukin (IL)-1b, IL-4,
IL-6, IL-15, tumor necrosis factor (TNF)-a and prostglandin
E2 (PGE2) were purchased from R&D Systems (Minneapolis,
MN). b 2-microglobulin (b2-m) and human recombinant
interferon (IFN)-gamma were purchased from Sigma
(St. Louis, MO). In some cases, AML blasts were pre-treated
with human recombinant IFN-gamma (100 ng/mL) for 2 d to
upregulate HLA expression, when used as targets for 51Cr-
release assays. The antibodies used for immunofluorescence
assays including mAbs to human CD3, CD4C, CD8C, HLA-A2
(clone BB7.2) and isotype controls were obtained from BD Bio-
sciences (San Diego, CA). The antibodies specific for HLA class
II DR, DQ and DP L243 and HLA-class I ABC W6/32 were
obtained from the mAb core facility at MSKCC. Cell isolation
kits for CD14 and CD3 were purchased from Miltenyi Biotec.
(Bergisch Gladbach, Germany).

T2 assay for peptide binding. T2 cells (transporter-associated
protein TAP deficient, HLA-A�02:01C) were incubated over-
night at 37�C at 1£106 cells/mL in FCS-free RPMI medium
supplemented with 10 ug/mL human b2m (Sigma, St Louis,
MO, USA) in the absence (negative control) or presence pepti-
des at various final concentrations (50, 10 and 2 ug/mL). Brefel-
din A (Sigma) at 5 ug/mL was added to the cultures for the final
2 h of incubation. Then, T2 cells were washed and stained with
anti-HLA-A2.1 (BB7.2) mAb conjugated to FITC for 30 min at
4�C and followed by washing with staining buffer (PBS plus 1%
FBS and 0.02% azaid). The expression of the HLA-A2 on the
cell surface was measured by flow cytometry on a FACScalibur
(Becton Dickinson) and analyzed with FlowJo 9.6.3 software.
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In vitro stimulation and human T-cell cultures. After
informed consent on Memorial Sloan-Kettering Cancer Center
Institutional Review Board approved protocols, peripheral
blood mononuclear cells (PBMCs) from HLA-typed healthy
donors were obtained by Ficoll density centrifugation. CD14C

monocytes were isolated by positive selection using mAb to
human CD14 coupled with magnetic beads (Miltenyi Biotec)
and were used for the first stimulation of T cells. The CD14¡

fraction of PBMC were used for isolation of CD3, by negative
immunomagnetic cell separation using a pan T cell isolation kit
(Miltenyi Biotec). The purity of the cells was always more than
98%. T cells were stimulated for 7 d in the presence of RPMI
1640 supplemented with 5% autologous plasma (AP), 20 ug/
mL synthetic peptides, 1 ug/mL B2-m, and 10 ng/mL IL-15.
Monocyte-derived DCs were generated from CD14C cells, by
culturing the cells in RPMI 1640 medium supplemented with
1% AP, 500 units/mL recombinant IL-4, and 1,000 units/mL
GM-CSF. On days 2 and 4 of incubation, fresh medium with
IL-4 and GM-CSF was either added or replaced half of the cul-
ture medium. On day 5, 20 ug/mL class II peptide was added to
the immature DCs, for the processing. On day 6, maturation
cytokine cocktail was added. On day 7 or 8, T cells were re-
stimulated with mature DCs, with IL-15. In most cases, T cells
were stimulated three times in the same manner, using either
DCs or CD14C cells as APCs. A week after final stimulation,
the peptide-specific T cell response was examined by IFN-
gamma enzyme-linked immunospot (ELISPOT) assay and the
cytotoxicity was tested, by 51chromium (Cr)-release assay.

IFN-gamma ELISPOT. HA-Multiscreen plates (Millipore)
were coated with 100 uL of mouse anti-human IFN-gamma
antibody (10 ug/mL; clone 1-D1K; Mabtech) in PBS, incubated
overnight at 4�C, washed with PBS to remove unbound anti-
body, and blocked with RPMI 1640/10% autologous plasma
(AP) for 2 h at 37�C. Purified CD3C T cells (> 98% pure) were
plated with either autologous CD14C (10:1 E: APC ratio) or
autologous DCs (30:1 E: APC ratio). Various test peptides were
added to the wells at 20 ug/mL. Negative control wells con-
tained APCs and T cells without peptides or with irrelevant
peptides. Positive control wells contained T cells plus APCs
plus 20 ug/mL phytohemagglutinin (PHA, Sigma). All condi-
tions were done in triplicates. Microtiter plates were incubated
for 20 h at 37�C and then extensively washed with PBS/0.05%
Tween and 100 uL/well biotinylated detection antibody against
human IFN-g (2 ug/mL; clone 7-B6–1; Mabtech) was added.
Plates were incubated for an additional 2 h at 37�C and spot
development was done as described.16 Spot numbers were read
and determined by Zellnet Consulting Inc.

51Chromium release assay. The presence of specific CTLs
was measured in a standard chromium release assay as
described.16 Briefly, target cells alone, or pulsed with 50 ug/mL
of synthetic peptides for 2 h (in some cases for over-night) at
37�C, are labeled with 50 uCi/million cells of Na2 51CrO4

(NEN Life Science Products, Inc.). After extensive washing, tar-
get cells are incubated with T cells at various E:T ratios. All
conditions were done in triplicate. Plates were incubated for 4–
5 h at 37�C in 5% CO2. Supernatant fluids were harvested and
radioactivity was measured in a gamma counter. Percentage
specific lysis was determined from the following formula:
[(experimental release ¡ spontaneous release)/(maximum

release – spontaneous release)] £ 100%. Maximum release was
determined by lysis of radiolabeled targets in 1% SDS.
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