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Background
The Wilms’ tumor antigen (WT1) is an attractive target for immunotherapy of leukemia.
In the past, we isolated and characterized the specificity and function of a WT1-specific
T-cell receptor. The goal of this translational study was to develop a safe and efficient
WT1-T-cell receptor retroviral vector for an adoptive immunotherapy trial with engi-
neered T cells. 

Design and Methods
We generated a panel of retroviral constructs containing unmodified or codon-optimized
WT1-T-cell receptor α and β genes, linked via internal ribosome entry sites or 2A
sequences, with or without an additional inter-chain disulfide bond in the T-cell receptor
constant domains. These constructs were functionally analyzed in vitro, and the best one
was tested in an autologous primary leukemia model in vivo. 

Results
We identified a WT1-T-cell receptor construct that showed optimal tetramer staining, anti-
gen-specific cytokine production and killing activity when introduced into primary human
T cells. Fresh CD34+ cells purified from a patient with leukemia were engrafted into
NOD/SCID mice, followed by adoptive immunotherapy with patient’s autologous T cells
transduced with the WT1-T-cell receptor. This therapeutic treatment evidently decreased
leukemia engraftment in mice and resulted in a substantial improvement of leukemia-free
survival. 

Conclusions
This is the first report that patient’s T cells, engineered to express the WT1-T-cell recep-
tor, can eliminate autologous leukemia progenitor cells in an in vivo model. This study pro-
vides a firm basis for the planned WT1-T-cell receptor gene therapy trial in leukemia
patients. 
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Introduction

In efforts to identify leukemia-associated antigens, the
Wilms’ tumor antigen (WT1) has emerged as an attractive
target for immunotherapy of leukemia. WT1 is over-
expressed in many types of leukemia, such as acute
myeloid leukemia, chronic myeloid leukemia and
myelodysplastic syndromes,1-5 and the levels of WT1
mRNA expression at diagnosis correlate inversely with
prognosis.4,6 The levels of WT1 expression have, there-
fore, been used for monitoring minimal residual disease
in patients with leukemia.7-15 WT1-specific cytotoxic lym-
phocytes (CTL) were detected in patients with
leukemia16,17 and breast cancer,18 and a correlation
between graft-versus-leukemia effects and detectable
WT1-specific CTL was observed after allogeneic stem-
cell transplantation for chronic myeloid leukemia19 and
acute lymphocytic leukemia.20 Clinical trials in which
leukemia patients were vaccinated with WT1-derived
peptides have produced clinical responses, and these
responses were associated with an increased frequency of
WT1-specific CTL.21-24

In the past years our group has focused on developing
adoptive T-cell therapy approaches for the treatment of
WT1-expressing malignancies. We used the allo-restrict-
ed approach to isolate from healthy donors high avidity
CTL specific for the WT1-derived peptide pWT126 pre-
sented by HLA-A2 class I molecule.25 We isolated the T-
cell receptor (TCR) genes and demonstrated that retrovi-
ral TCR gene transfer can redirect the specificity of pri-
mary human T cells. Functional analysis of the redirected
T cells demonstrated that they displayed cytotoxicity and
produced cytokines in a pWT126-specific fashion. The
redirected T cells were able to kill fresh leukemia CD34+

cells in vitro, and prevent engraftment of a leukemia cell
line, BV173, in non-obese diabetic-severe combined
immunodeficient (NOD/SCID) mice.26

The goal of this study was to develop a safe and effi-
cient retroviral WT1-TCR construct, and validate it in an
in vivo autologous primary leukemia model for the
planned clinical phase I/II trial of leukemia. The retroviral
vectors used in our previous studies contained a post-
transcriptional regulatory element (PRE) of the wood-
chuck hepatitis virus, which has been implicated in caus-
ing transformation in animal models.27 Here, we explored
to what extent the PRE element is necessary for efficient
TCR gene transfer. To enhance TCR expression, we also
used codon optimization and introduction of an inter-
chain disulfide bond between the WT1-TCR α and β con-
stant domains, which also reduces the risk of mis-pairing
between the WT1-TCR and endogenous TCR chains.28,29

With our previous vectors, freshly transduced T cells
contained only low frequencies of WT1-specific T cells,
necessitating antigen-driven in vitro expansion. Prolonged
in vitro culture is associated with the differentiation of
transduced cells into end-stage effector T cells that are
functionally impaired when adoptively transferred into
recipients.30 Therefore, in this study we aimed to develop
a WT1-TCR construct that can achieve high transduction
efficacy and generate a high frequency WT1-specific
CTL, which will allow us to adoptively transfer freshly
transduced T cells. Finally, we designed experiments to

test the therapeutic efficacy of WT1-TCR gene transfer in
an autologous setting. We were able to purify sufficient
numbers of leukemia CD34+ cells and T lymphocytes
from a patient with chronic myeloid leukemia in blast cri-
sis and demonstrated that introduction of the WT1-TCR
into the patient’s T cells enabled rejection of autologous
leukemia progenitor cells in immunodeficient
NOD/SCID mice.

Design and Methods 

Construction of retroviral T-cell receptor constructs
The dual pMP71 vectors for WT1-TCR, Vα1.5-MP71 and

Vβ2.1-MP71, have already been described.26 To construct a sin-
gle vector expressing both TCR α and β chains, the coding
sequences of the WT1-TCR Vβ2.1 and Vα1.5 were amplified by
high fidelity polymerase chain reaction and cloned into the orig-
inal full length-PRE-containing pMP71 vector (WT1-TCR-PRE,
Figure 1A). The insertion of Vβ2.1 was through Not1 at the 5’-
end, and Sal1 at the 3’-end; and the insertion of Vα1.5 was via
Nco1 at the 5’-end, and EcoR1 at the 3’-end. TCR Vβ2.1 and
Vα1.5 were linked via an internal ribosome entry site (IRES). To
make a short PRE-vector expressing the TCR Vβ2.1 and Vα1.5
(WT1-TCR-sPRE, Figure 1B), the whole TCR cassette Vβ2.1-
IRES-Vα1.5 was amplified by polymerase chain reaction and
transferred into a truncated short-PRE vector via Not1 at the 5’-
end and EcoR1 at the 3’-end. The ∆PRE vector expressing the
Vβ2.1-IRES-Vα1.5 cassette (WT1-TCR-∆PRE, Figure 1C) was
constructed by removing the whole PRE element from the orig-
inal PRE-containg vector via EcoR1 restriction. To make a codon-
optimized WT1-TCR, the coding sequences of the Vβ2.1 and
Vα1.5 were synthesized by Geneart (Germany) according to
optimized codon usage, and then assembled into the ∆PRE-
MP71-vector (WT1-Opt-TCR, Figure 1D). WT1-MuR-TCR was
constructed by mutating the ATG codon at the end of the IRES
into ATC (Figure 1E) so that the translation of Vα1.5 initiated
exactly from the ATG codon at the beginning of the TCR-Vα1.5
sequence. To make a TCR with an additional inter-chain disul-
fide bond in the constant domains, the cysteine molecule was
introduced into both TCR α and β chains as described previous-
ly,29 then the WT1-TCR α and β genes were linked via a viral
p2A sequence,31 and the whole cassette Vα1.5-p2A-Vβ2.1 was
then cloned into the ∆PRE-MP71-vector (WT1-SS-TCR, Figure
1F). The control Epstein-Barr virus (EBV)-TCR construct was
described previously.32

Transduction of retroviral T-cell receptor constructs into
Jurkat and human peripheral blood 
mononuclear cells

Retroviral transduction of TCR genes into human peripheral
blood mononuclear cells was carried out as described else-
where.26 The Jurkat-76 cell line, a cloned human T-cell leukemia
line deficient in endogenous TCR expression,33 was transduced
in the same way as the peripheral blood mononuclear cells, but
without the need for activation. Forty-eight hours after trans-
duction, expression of TCR transgenes was analyzed by flow
cytometry on a LSR II flow cytometer (BD Biosciences), and
FACS data were analyzed using FACSDiva software. 

Intracellular cytokine detection assays.
Assays were performed in 96-well round-bottom plates in
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which 2×105 TCR-transduced T cells were incubated with 2×105

T2 stimulator cells coated with 100 µM relevant (pWT126:
RMFPNAPYL) or irrelevant (pCLG: CLGGLLTMV) peptide in
200 µL of culture medium containing brefeldin A (Sigma-
Aldrich) at 1 µg/mL. After incubation for 18 h at 37°C with 5%
CO2, the cells were first stained for surface CD8 and then fixed,
permeabilized, and stained for intracellular interferon-γ, inter-
leukin-2 and tumor necrosis factor-α using the Fix & Perm kit
(Caltag) according to the manufacturer’s instructions. Samples
were acquired on a LSR II flow cytometer and the data were
analyzed using FACSDiva software (BD Biosciences).

Expansion of T-cell receptor-transduced T cells
TCR freshly transduced bulk T cells were either used directly

in functional assays or expanded by antigen-specific stimulation
as described previously.26

Cytotoxic T lymphocyte assays
CTL assays were performed as described elsewhere.26 Briefly,

106 T2 cells were incubated at 37°C for 1 h in 200 µL assay medi-
um (RPMI 1640 containing 5% heat inactivated fetal calf serum)
with 100 µM synthetic peptides (pWT126, pCLG or pWT235:
CMTWNQMNL). Tumor cells or peptide-coated T2 cells were
then labeled with 51chromium for l h, washed, and added to seri-
al 2-fold dilutions of effector cells in round-bottomed, 96-well
plates to obtain a total volume of 200 µL/well. Assay plates were
incubated at 37°C in 5% CO2. After 4 h, 50 µL of supernatants
were harvested, diluted with 150 µL of scintillation fluid, and
the radiation counted using a Wallac 1450 Microbeta Plus count-
er. The specific killing was calculated by the equation:

(experimental 51Cr-release – spontaneous 51Cr-release)/(maximum
51Cr-release – spontaneous 51Cr-release) x 100%. 

Purification of hematopoietic CD34+ cells
Informed consent was obtained before collecting normal

CD34+ cells from bone marrow of adult healthy donors and
leukapheresis products of mobilized stem cell donors. As a
source of leukemic CD34+ cells, bone marrow or peripheral
blood was obtained from patients with acute or chronic myeloid
leukemia. Samples were diluted 1:2 in RPMI medium and
enriched for mononuclear cells by density-gradient centrifuga-
tion (Lymphoprep 1.077 g/mL; Nycromed Pharma AS, Oslo,
Norway). CD34+ cells were isolated from the recovered
mononuclear fraction by magnetic bead selection using a CD34
microbead kit (Miltenyi Biotec, Germany) according to the man-
ufacturer's instructions. The purity of the cell population ranged
from 80% to 95% as determined by FACS analysis using anti-
human CD34-phycoerythrin monoclonal antibody (Miltenyi
Biotec, Germany).

In vivo inhibition of engraftment of CD34+ leukemia
progenitor cells

The in vivo animal experiments were carried out in accordance
with University College London and national guidelines on the
care and use of laboratory animals. CD34+/CD19+ leukemia pro-
genitor cells were isolated from a leukapheresis sample taken
from a patient with chronic myeloid leukemia in lymphoid blast
crisis. Purified primary leukemia progenitor cells (3×106) were
injected intravenously into each of the 3-month old immunode-
ficient NOD/SCID mouse. On the following day, the mice were
randomly divided into a treatment group and a control group.

Each mouse in the treatment group was injected intravenously
with 20×106 autologous T cells transduced with WT1-SS-TCR,
while each mouse in the control group was given an intravenous
injection of 20×106 autologous T cells transduced with EBV-
TCR. The mice were given irradiated food and water, and mon-
itored for leukemia burden. When the mice showed signs of ill
health, they were sacrificed and bone marrows were harvested
for FACS analysis to detect engrafted human leukemia cells
using triple staining with anti-human HLA-class I-fluoroscein
isothiocyanate, CD19-allophycocyanin and CD8-phycoerythrin
monoclonal antibodies (BD Biosciences).

Results

Improving the safety of the retroviral vector
Previously we used two separate retroviral vectors to

transfer the WT1-TCR α and β genes into doubly infected
T lymphocytes.26 These vectors contained the PRE derived
from the woodchuck hepatitis virus, which was thought
to be required for efficient TCR gene transfer and expres-
sion.34 As recent studies suggested that this PRE might be
oncogenic,27,35 we aimed to modify or remove it from our
vectors. We first assembled a retroviral construct contain-
ing the full-length PRE with the WT1-TCR α and β chains
linked by an IRES sequence (Figure 1A). To reduce the
potential oncogenic activity of this PRE, we then generat-
ed a vector variant containing a truncated PRE sequence
(Figure 1B) that was unable to encode the X-protein,
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Figure 1. Development of a WT1-TCR construct for clinical trial appli-
cation. (A). The WT1-TCR Vβ2.1 and Vα1.5, previously cloned in two
separate vectors, were linked together with an IRES sequence and
transferred into one single vector with the full length post-transcrip-
tional regulatory element (TCR-PRE). To minimize the oncogenic
potential of this woodchuck hepatitis virus-derived PRE, the X protein
coding sequence was deleted by shortening the PRE (B), or the PRE
sequence was removed completely in the TCR construct (C). To
improve TCR gene expression, the wild-type TCR sequence was
codon-optimized (indicated by gray background) to generate the Opt-
TCR construct (D). To initiate the translation of Vα1.5 at exactly the
start codon, an ATG codon within the IRES sequence was mutated
into ATC to generate the MuR-TCR construct (E). To reduce the risk of
mis-pairing, an extra inter-chain disulfide bond was introduced into
the TCR constant domains to generate the SS-TCR, and the porcine
teschovirus 2A sequence was used to link the TCR α and β genes to
favor equimolar expression of the modified TCR chains (F).
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which was implicated in the transforming activity of
PRE.27 In order to abolish the oncogenic potential of this
PRE completely, we also deleted the whole PRE sequence
from the vector, and generated a WT1-TCR retroviral con-
struct without the PRE (Figure 1C). 

When these three vector variants containing the same
wild-type WT1-TCR were transduced into Jurkat-76 cells,
the transduction efficiency and the TCR expression levels
were similar, as determined by the percentage of Jurkat-76
cells expressing the Vβ2.1 chain of the WT1-TCR and the
mean fluorescence intensity (MFI) of Vβ2 staining (Figure
2A). Similarly, transduction experiments with primary
human T cells revealed that the average transduction effi-
ciency and Vβ2 expression levels were again similar for
the three vector variants (Figure 2B). These experiments
clearly demonstrated that removal of the PRE did not
impair either transduction efficiency or WT1-TCR expres-
sion level. The PRE-deleted vector variant was, therefore,
used for all subsequent experiments.

Improving the functionality of the Wilms’ tumor 
antigen-T-cell receptor

To improve the expression of the WT1-TCR, we first
codon-optimized the WT1 Vα1.5 and Vβ2.1 gene
sequences. Rare codons were replaced by codon
sequences that are frequently used in humans to facilitate
t-RNA binding and protein translation. Since the ‘generic’
IRES sequence separating the TCR-β and the TCR-α genes
contains an ATG start codon 12 nucleotides upstream of

the ATG start codon of the TCR-α chain (Figure 1D), this
may result in the production of a TCR-α chain with an N-
terminal extension of four amino acids derived from the
IRES element, which could impair the endoplasmic reticu-
lum import of the TCR-α chain. To test directly whether
the ATG in the IRES element can impair TCR expression,
we generated a vector variant in which the ATG was
mutated to ATC (Figure 1E). Finally, to reduce the mis-
pairing between the introduced WT1-TCR and endoge-
nous TCR chains, we introduced an extra inter-chain
disulfide bond between the WT1-TCRα and β chains, and
linked the two genes with a viral 2A sequence in an
attempt to achieve equimolar expression of the cysteine-
modified TCR chains (Figure 1F). We used the Jurkat-76
cell line to compare the transduction efficiency and
expression of the retroviral vectors carrying the wild type
WT1-TCR sequence (Figure 1C), or the three codon-opti-
mized variants (Figure 1D-F). As shown in Figure 3A,
Jurkat-76 cells were efficiently transduced by all the con-
structs (44-56% Vβ2+ cells); analysis of the MFI of Vβ2
indicated that the level of expression of the codon-opti-
mized TCR containing the additional disulfide bond and
the 2A sequence (SS-TCR) was approximately 1.4-fold
that of the wild-type TCR. The levels of expression of the
codon-optimized IRES variants (Opt-TCR and MuR-TCR)
were higher than that of the non-codon-optimized IRES
construct (WT-TCR), but lower than that of the codon-
optimized 2A construct (SS-TCR) (Figure 3A). 

Transduction experiments with primary human T cells
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Figure 2. The PRE is not required for efficient TCR gene transfer and expression. (A) The PRE-variant vectors (indicated at the top) were
transduced into Jurkat-76 cells. WT1-TCR expression was detected by Vβ2 antibody staining. Mock transduced (Mock-td) Jurkat-76 cells
were stained as a control. The percentage of TCR-Vβ2 expressing cells is shown, and the level of Vβ2 expression is indicated by mean flu-
orescent intensity (MFI). (B) The PRE-variant vectors (indicated at the top) were transduced into peripheral blood derived human T lympho-
cytes. WT1-TCR expression was detected by Vβ2 antibody staining. Mock transduced lymphocytes were stained to determine the level of
endogenous Vβ2 expression. The percentage of Vβ2 expressing cells is shown, and the level of Vβ2 expression is indicated by the MFI. The
experiment was repeated three times with similar results, and a typical example is shown here.
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showed that all four constructs substantially increased the
percentage of Vβ2+-expressing T cells over that seen in
mock transduced T cells (Figure 3B). We used HLA-A2
tetramers containing the pWT126 peptide to identify the
number of freshly transduced T cells capable of binding
the tetramer. The cells transduced with the codon-opti-
mized SS-TCR contained 4- to 10-fold more tetramer
binding T cells than the cells transduced with the other
WT1-TCR constructs (Figure 3C). This was not due to
greater transduction efficiency, as the percentage of Vβ2+

T cells was similar for the four TCR constructs (Figure 3B).
The improved tetramer binding is most likely due to the
additional disulfide bond, which facilitates correct pairing
between the introduced WT1-TCR chains, while at the
same time reducing mis-pairing with endogenous chains.
As a result, the density of correctly paired WT1-TCR
capable of binding tetramer is expected to be highest in
cells expressing the SS-TCR construct.

We next determined the percentage of antigen-respon-
sive T cells immediately after transduction. Using our pre-
viously published vector system this was usually below
1%, necessitating antigen-driven expansion to increase
the frequency of WT1-specific T cells.26 In contrast, trans-
duction of the TCR constructs developed in this study into
primary T cells produced a respectable frequency of anti-

gen-specific T cells. Figure 4A shows the frequency of
interleukin-2 and interferon-γ-producing T cells in the
freshly transduced T cells when stimulated with pWT126
peptide or an EBV-derived control peptide (pCLG).
Following transduction with WT1-SS-TCR, 24.6% of the
CD8 T cells produced interleukin-2 and/or interferon-γ
after pWT126 peptide stimulation (Figure 4A). The fre-
quency of antigen-responsive T cells was substantially
lower after transduction with other WT1-TCR constructs
(3.8-5.1% responsive cells). Figure 4B shows a summary of
the ability of primary T cells transduced with the indicat-
ed TCR constructs to produce interferon-γ, interleukin-2
or tumor necrosis factor-α, demonstrating again that the
highest responses were seen with the SS-TCR. Finally, T
cells transduced with the SS-TCR had the highest antigen-
specific killing activity while maintaining the lowest back-
ground killing (Figure 4C).

The WT1-SS-TCR can protect against autologous
leukemia

The experiments described above demonstrated that
the vector containing the codon-optimized TCR with the
additional disulfide bond and the 2A sequence was supe-
rior to the other constructs. However, the antigen-specific
activity was demonstrated by using peptide-loaded target
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Figure 3. Expression of WT1-TCR variants in Jurkat-76 cells and human peripheral blood mononuclear cells (PBMC). The WT1-TCR variants
(indicated at the top) were transduced into Jurkat-76 cells (A) and into human PBMC (B,C), and their expression was analyzed by anti-CD8,
Vβ2 antibody and pWT126 tetramer staining (C). Mock transduced cells were also stained as a control. The percentage of Vβ2 expressing
cells is shown, and the levels of Vβ2 expression in Jurkat 76 cells are indicated by mean florescent intensity. The experiment was repeated
more than three times with similar results, and a typical example is shown here.
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cells, and not target cells endogenously expressing WT1
antigen. In preparation for possible clinical application, the
specificity profile and anti-leukemia activity of this WT1-
SS-TCR construct was further analyzed by using target
cells endogenously expressing WT1 antigen. T cells from
a healthy donor were transduced with this TCR and
expanded in vitro then tested against a leukemia cell line,
K562-A2, and a panel of CD34+ and CD34– target cells. As
shown in Figure 5A, WT1-SS-TCR-transduced T cells
were able to kill K562-A2 tumor cells, but not the K562
cell line, demonstrating the recognition of endogenously
processed tumor antigen in a MHC-restricted manner.
Specific killing activity was also observed against CD34+

cells isolated from a patient with leukemia, but not against
CD34– cells from the same patient (CML9) or CD34+ cells
from a healthy donor (N8) or a cord blood (CB2) sample
(Figure 5B). This is in agreement with the observation that
WT1 is over-expressed in CD34+ leukemia stem/progeni-
tor cells, while its expression is low in differentiated
CD34– cells from patients and in CD34+ cells from healthy
donors.25 This correlated with detectable killing of CD34+

cells from patients and lack of killing of the other cell pop-
ulations. It is important to note that normal CD34+ cells
were not killed by T cells expressing the WT1-SS-TCR

(Figure 5B).
Next, we transduced the T cells isolated from a patient

with chronic myeloid leukemia in blast crisis with the
WT1-SS-TCR or with a control TCR specific for a peptide
epitope of the EBV virus (pCLG). The patient’s T cells
transduced with the two TCR constructs displayed the
expected reciprocal killing activity against target cells coat-
ed with pWT126 or pCLG peptides (Figure 5C). The
patient’s transduced T cells were then tested against autol-
ogous CD34+ and CD34– cells. Only the patient’s T cells
expressing the WT1-SS-TCR, but not those expressing the
EBV-specific control TCR, selectively killed CD34+

leukemia cells (Figure 5D).
Having shown that WT1-SS-TCR-transduced patient’s

T cells were functionally active in vitro, we then explored
whether they were able to inhibit the engraftment of
autologous leukemia progenitor cells in the NOD/SCID
mouse model. The mice were first injected intravenously
with CD34+ leukemia progenitor cells isolated from the
patient, then, 24 h later, with autologous T cells express-
ing the WT1-SS-TCR or the control EBV-TCR. As shown
in Figure 6A, 80% of the mice treated with the control
TCR died of leukemia within 12 weeks, while 80% of the
WT1-SS-TCR treated mice survived. When mice died dur-
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Figure 4. Antigen-specific
responses of freshly trans-
duced human T cells. The
WT1-TCR constructs (indi-
cated at the top) were
transduced into primary
human T cells and their
functional activities were
determined. (A). Antigen-
specific interleukin-2 (IL-2)
and interferon γ (IFNγ) pro-
duction was determined
after overnight stimulation
with specific pWT126 pep-
tide or control pCLG pep-
tide. Representative FACS
plot data of intracellular
IL2 and IFNγ staining are
shown. (B). A summary of
all three cytokines (includ-
ing tumor necrosis factor-
α; TNFα) produced by
WT1-TCR freshly trans-
duced T cells after stimula-
tion with specific pWT126
or control pCLG peptide.
(C). Antigen- specific killing
activity of the indicated
WT1-TCR variants against
target cells coated with
the relevant pWT126 pep-
tide or a control pWT235
peptide. The experiment
was repeated three times
with similar results, and a
typical example is shown
here.
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ing the experiment or when they were killed at the end of
the experiment (week 16), the bone marrow was harvest-
ed and stained with antibodies against human CD19 and
HLA class I. As shown in Figure 6B, four out of five mice
that were treated with the control EBV-TCR had human

leukemia cells in the bone marrow. The one mouse in the
control group whose bone marrow did not contain human
leukemia cells was the animal that survived a long time
(Figure 6A). In contrast, four animals treated with the
WT1-SS-TCR had no detectable leukemia cells in the bone
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Figure 6. WT1-SS-TCR engineered
patient’s T cells can inhibit the engraft-
ment of autologous leukemia CD34+

progenitor cells in the NOD/SCID
mouse model. (A). WT1-SS-TCR trans-
duced patient’s T cells significantly
prolonged the survival of mice engraft-
ed with autologous CD34+ leukemia
progenitor cells. CD34+ /CD19+

leukemia progenitor cells were isolat-
ed from a leukapheresis sample of a
patient (CML9) with lymphoid blast cri-
sis, and i.v. injected 3x106 into each
NOD/SCID mouse. After 24 h, 20x106

autologous T cells transduced with
WT1-TCR or control TCR were i.v.
injected. Mice were monitored for
leukemia burden, and were sacrificed
when they showed signs of ill health.
(B). Elimination of human leukemia
progenitor cells in NOD/SCID mice by
WT1-SS-TCR transduced autologous T
cells. Engraftment of human leukemia
progenitor cells was detected by FACS
analysis of the harvested bone mar-
row from control (C) and treated (T)
mice after staining with anti-human
class I and CD19 antibodies.

Figure 5. WT1-SS-TCR engineered T
cells can recognize endogenously
processed tumor antigen and selec-
tively kill autologous CD34+ leukemia
progenitor cells in vitro. (A). WT1-SS-
TCR transduced normal donor T cells
killed K562-A2 tumor cells which
endogenously express WT1. (B). WT1-
SS-TCR transduced normal donor T
cells can distinguish CD34+ leukemia
progenitor cells from normal CD34+

stem cells or CD34– cells. CD34+

leukemia progenitor cells isolated
from three patients with chronic
myeloid leukemia (indicated as solid
symbols) were killed, but not CD34–

cells (from CML9) or CD34+ cells isolat-
ed from healthy donor (N8) or a cord
blood (CB2) sample. (C). Patient’s
(CML9) T cells were transduced with
WT1-SS-TCR (indicated by diamonds
(R) or EBV-TCR (G), and their cytolytic
activity was tested in a 51Cr release CTL
assay. Both TCR transduced patient’s T
cells can recognize and kill their spe-
cific targets (solid symbols) but not
control targets (open symbols). (D).
WT1-SS-TCR transduced patient’s T
cells can kill autologous CD34+

leukemia progenitor cells (R), but not
autologous CD34– cells (r). EBV-TCR
transduced patient’s T cells (G) did not
kill either target. 
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marrow (T2-T5). One mouse (T1) that died at 11 weeks
(Figure 6A) had a small but detectable number of leukemia
cells in the bone marrow. Together, these data indicate
that patient’s T cells expressing the WT1-SS-TCR were
able to protect against the growth of autologous leukemia
progenitor cells in the majority of mice.

Discussion

Adoptive immunotherapy of cancer has made significant
progress in recent years, with impressive results being
achieved in patients with melanoma. The adoptive transfer
of in vitro-expanded tumor infiltrating lymphocytes into
lymphodepleted recipients results in clinical responses in
approximately 50% of patients.36,37 In contrast, the adoptive
transfer of TCR gene-modified T cells has been less success-
ful with clinical responses seen in only two out of 15 treat-
ed patients.38 Several factors might contribute to the
impaired functional activity of the TCR gene-modified T
cells, including the inferior expression of the introduced
TCR in gene-modified T cells compared to high expression
of endogenous TCR in tumor infiltrating lymphocytes. 

In preparation for clinical trials, a major goal of this
study was to improve the expression and function of the
WT1-TCR in gene-modified T cells. We took advantage of
two modifications that were recently shown to improve
TCR gene expression.28,39 Codon optimization leads to
more efficient synthesis of TCR chains, and cysteine mod-
ification in the TCR constant domains enhances the cor-
rect pairing between the introduced TCR chains and
reduces mis-pairing between the introduced and endoge-
nous TCR chains. In addition, we linked the TCR α and β
genes with a viral 2A element31 to favor equimolar expres-
sion of both TCR chains. Collectively, these modifications
produced a new WT1-SS-TCR construct that was at least
5-fold more active than the other retroviral TCR con-
structs tested in this study. 

In the planned clinical trial, we aim to use freshly trans-
duced T cells to avoid the possible loss of functional plas-

ticity that is associated with prolonged in vitro culture of T
cells.30 The production of a high frequency of antigen-
responsive T cells is a major advantage of the new SS-TCR
construct. In this study, up to 25% of freshly transduced
CD8 T cells were able to respond to WT1 antigen stimu-
lation, which represents a high frequency that is desirable
for our planned clinical trials. 

It is possible that improving WT1-TCR function could
increase the risk of T-cell attack of normal stem/progeni-
tor cells expressing low levels of WT1. Using purified
CD34+ cell populations we found that the T cells trans-
duced with the new WT1-SS-TCR construct showed
selective killing of CD34+ cells from leukemia patients but
not of CD34+ cells from healthy donors. This suggests that
the functionally improved T cells retain the ability to
attack leukemic cells selectively.

We used the new WT1-SS-TCR construct to demon-
strate that T cells from a patient with chronic myeloid
leukemia can be redirected to attack autologous blast cells.
To our knowledge, this is the first demonstration that
TCR gene-modified patient’s T cells can eliminate autolo-
gous primary leukemia cells in an in vivo model of adoptive
T-cell therapy. 

Overall, this study demonstrates how combinations of
vector and TCR modifications can improve the safety fea-
tures of TCR gene transfer, while at the same time
enhance the expression and function of the introduced
TCR chains. This work provides the basis for the use of
the WT1-specific SS-TCR in the planned clinical trials in
patients with chronic and acute myeloid leukemias.

Authorship and Disclosures

SAX and HJS designed the experiments, SAX, LG, ST,
DPH,  JZX, and RG performed experiments, RHV, EM and
HJS  analyzed the data, SAX and HJS wrote the paper.  

EM and HJS are consultants for Cell Medica. EM
received honoraria from Pfizer and Gilead. The other
authors reported no potential conflicts of interest.

WT1-TCR gene therapy of leukemia

haematologica | 2010; 95(1) 133

References

1. Menssen HD, Renkl HJ, Rodeck U, Maurer
J, Notter M, Schwartz S, et al. Presence of
Wilms’ tumor gene (wt1) transcripts and
the WT1 nuclear protein in the majority of
human acute leukemias. Leukemia.
1995;9(6):1060-7.

2. Inoue K, Ogawa H, Sonoda Y, Kimura T,
Sakabe H, Oka Y, et al. Aberrant overex-
pression of the Wilms tumor gene (WT1) in
human leukemia. Blood. 1997;89(4):1405-
12.

3. Inoue K, Sugiyama H, Ogawa H,
Nakagawa M, Yamagami T, Miwa H, et al.
WT1 as a new prognostic factor and a new
marker for the detection of minimal resid-
ual disease in acute leukemia. Blood. 1994;
84(9):3071-9.

4. Tamaki H, Ogawa H, Ohyashiki K,
Ohyashiki JH, Iwama H, Inoue K, et al.
The Wilms’ tumor gene WT1 is a good
marker for diagnosis of disease progression

of myelodysplastic syndromes. Leukemia.
1999;13(3):393-9.

5. Yong AS, Keyvanfar K, Eniafe R, Savani
BN, Rezvani K, Sloand EM, et al.
Hematopoietic stem cells and progenitors
of chronic myeloid leukemia express
leukemia-associated antigens: implications
for the graft-versus-leukemia effect and
peptide vaccine-based immunotherapy.
Leukemia. 2008;22(9):1721-7.

6. Bergmann L, Miething C, Maurer U,
Brieger J, Karakas T, Weidmann E, et al.
High levels of Wilms' tumor gene (wt1)
mRNA in acute myeloid leukemias are
associated with a worse long-term out-
come. Blood. 1997;90(3):1217-25.

7. Ostergaard M, Olesen LH, Hasle H,
Kjeldsen E, Hokland P. WT1 gene expres-
sion: an excellent tool for monitoring min-
imal residual disease in 70% of acute
myeloid leukaemia patients - results from a
single-centre study. Br J Haematol. 2004;
125(5):590-600.

8. Inoue K, Ogawa H, Yamagami T, Soma T,

Tani Y, Tatekawa T, et al. Long-term fol-
low-up of minimal residual disease in
leukemia patients by monitoring WT1
(Wilms tumor gene) expression levels.
Blood. 1996; 88(6):2267-78.

9. Tamaki H, Ogawa H, Inoue K, Soma T,
Yamagami T, Miyake S, et al. Increased
expression of the Wilms tumor gene (WT1)
at relapse in acute leukemia. Blood.
1996;88(11):4396-8.

10. Ogawa H, Tamaki H, Ikegame K, Soma T,
Kawakami M, Tsuboi A, et al. The useful-
ness of monitoring WT1 gene transcripts
for the prediction and management of
relapse following allogeneic stem cell trans-
plantation in acute type leukemia. Blood.
2003;101(5):1698-704.

11. Tamaki H, Ogawa H. Monitoring of mini-
mal residual disease using WT1 assay for
patients with chronic myeloid leukemia
who undergo allogeneic stem cell trans-
plantation. Bone Marrow Transplant. 2004;
34(7):653-4.

12. Cilloni D, Saglio G. WT1 as a universal



marker for minimal residual disease detec-
tion and quantification in myeloid
leukemias and in myelodysplastic syn-
drome. Acta Haematol. 2004;112(1-2):79-
84.

13. Steinbach D, Schramm A, Eggert A, Onda
M, Dawczynski K, Rump A, et al.
Identification of a set of seven genes for the
monitoring of minimal residual disease in
pediatric acute myeloid leukemia. Clin
Cancer Res. 2006;12(8):2434-41.

14. Candoni A, Tiribelli M, Toffoletti E, Cilloni
D, Chiarvesio A, Michelutti A, et al.
Quantitative assessment of Wt1 gene
expression after allogeneic stem cell trans-
plantation is a useful tool for monitoring
minimal residual disease in acute myeloid
leukemia. Eur J Haematol. 2009;82(1):61-8.

15. Hamalainen MM, Kairisto V, Juvonen V,
Johansson J, Auren J, Kohonen K, et al.
Wilms tumour gene 1 overexpression in
bone marrow as a marker for minimal
residual disease in acute myeloid
leukaemia. Eur J Haematol. 2008;80(3):201-
7.

16. Oka Y, Elisseeva OA, Tsuboi A, Ogawa H,
Tamaki H, Li H, et al. Human cytotoxic T-
lymphocyte responses specific for peptides
of the wild-type Wilms’ tumor gene (WT1)
product. Immunogenetics. 2000;51(2):99-
107.

17. Rezvani K, Brenchley JM, Price DA, Kilical
Y, Gostick E, Sewell AK, et al. T-cell
responses directed against multiple HLA-
A*0201-restricted epitopes derived from
Wilms' tumor 1 protein in patients with
leukemia and healthy donors: identifica-
tion, quantification, and characterization.
Clin Cancer Res. 2005;11(24 Pt 1):8799-807.

18. Gillmore R, Xue SA, Holler A, Kaeda J,
Hadjiminas D, Healy V, et al. Detection of
Wilms' tumor antigen--specific CTL in
tumor-draining lymph nodes of patients
with early breast cancer. Clin Cancer Res.
2006;12(1):34-42.

19. Morita Y, Heike Y, Kawakami M, Miura O,
Nakatsuka S, Ebisawa M, et al. Monitoring
of WT1-specific cytotoxic T lymphocytes
after allogeneic hematopoietic stem cell
transplantation. Int J Cancer. 2006; 119(6):
1360-7.

20. Rezvani K, Yong AS, Savani BN, Mielke S,
Keyvanfar K, Gostick E, et al. Graft-versus-
leukemia effects associated with detectable
Wilms tumor-1 specific T lymphocytes
after allogeneic stem-cell transplantation

for acute lymphoblastic leukemia. Blood.
2007;110(6):1924-32.

21. Mailander V, Scheibenbogen C, Thiel E,
Letsch A, Blau IW, Keilholz U. Complete
remission in a patient with recurrent acute
myeloid leukemia induced by vaccination
with WT1 peptide in the absence of hema-
tological or renal toxicity. Leukemia. 2004;
18(1):165-6.

22. Oka Y, Tsuboi A, Taguchi T, Osaki T, Kyo
T, Nakajima H, et al. Induction of WT1
(Wilms' tumor gene)-specific cytotoxic T
lymphocytes by WT1 peptide vaccine and
the resultant cancer regression. Proc Natl
Acad Sci USA. 2004;101(38):13885-90.

23. Oka Y, Tsuboi A, Elisseeva OA, Nakajima
H, Fujiki F, Kawakami M, et al. WT1 pep-
tide cancer vaccine for patients with
hematopoietic malignancies and solid can-
cers. Scientific World J. 2007;7:649-65.

24. Rezvani K, Yong AS, Mielke S, Savani BN,
Musse L, Superata J, et al. Leukemia-associ-
ated antigen-specific T-cell responses fol-
lowing combined PR1 and WT1 peptide
vaccination in patients with myeloid malig-
nancies. Blood. 2008;111(1):236-42.

25. Gao L, Bellantuono I, Elsasser A, Marley
SB, Gordon MY, Goldman JM, et al.
Selective elimination of leukemic CD34(+)
progenitor cells by cytotoxic T lympho-
cytes specific for WT1. Blood 2000;95(7):
2198-203.

26. Xue SA, Gao L, Hart D, Gillmore R, Qasim
W, Thrasher A, et al. Elimination of human
leukemia cells in NOD/SCID mice by
WT1-TCR gene-transduced human T cells.
Blood. 2005;106(9):3062-7.

27. Kingsman SM, Mitrophanous K, Olsen JC.
Potential oncogene activity of the wood-
chuck hepatitis post-transcriptional regula-
tory element (WPRE). Gene Ther. 2005;
12(1):3-4.

28. Kuball J, Dossett ML, Wolfl M, Ho WY,
Voss RH, Fowler C, et al. Facilitating
matched pairing and expression of TCR-
chains introduced into human T-cells.
Blood. 2006;109(6):2331-8.

29. Thomas S, Xue SA, Cesco-Gaspere M, San
Jose E, Hart DP, Wong V, et al. Targeting the
Wilms tumor antigen 1 by TCR gene trans-
fer: TCR variants improve tetramer binding
but not the function of gene modified
human T cells. J Immunol. 2007;179(9):
5803-10.

30. Seder RA, Darrah PA, Roederer M. T-cell
quality in memory and protection: implica-

tions for vaccine design. Nat Rev Immunol.
2008;8(4):247-58.

31. Szymczak AL, Workman CJ, Wang Y,
Vignali KM, Dilioglou S, Vanin EF, et al.
Correction of multi-gene deficiency in vivo
using a single ‘self-cleaving’ 2A peptide-
based retroviral vector. Nat Biotechnol.
2004;22(5):589-94.

32. Hart DP, Xue SA, Thomas S, Cesco-
Gaspere M, Tranter A, Willcox B, et al.
Retroviral transfer of a dominant TCR pre-
vents surface expression of a large propor-
tion of the endogenous TCR repertoire in
human T cells. Gene Ther. 2008;15(8):625-
31.

33. Mommaas B, van Halteren AG, Pool J, van
der Veken L, Wieles B, Heemskerk MH, et
al. Adult and cord blood T cells can acquire
HA-1 specificity through HA-1 T-cell recep-
tor gene transfer. Haematologica. 2005;
90(10):1415-21.

34. Schambach A, Bohne J, Baum C, Hermann
FG, Egerer L, von Laer D, et al. Woodchuck
hepatitis virus post-transcriptional regula-
tory element deleted from X protein and
promoter sequences enhances retroviral
vector titer and expression. Gene Ther.
2006;13(7):641-5.

35. Merle P, Chevallier M, Levy R, Maisonnas
M, Terradillos O, Ahmed SNS, et al.
Preliminary results of interferon-α therapy
on woodchuck hepatitis virus-induced
hepatocarcinogenesis: possible benefit in
female transgenic mice. J Hepatol. 2001;
34(4):562-9.

36. Dudley ME, Wunderlich JR, Robbins PF,
Yang JC, Hwu P, Schwartzentruber DJ, et
al. Cancer regression and autoimmunity in
patients after clonal repopulation with anti-
tumor lymphocytes. Science. 2002;298
(5594):850-4.

37. Rosenberg SA, Dudley ME. Cancer regres-
sion in patients with metastatic melanoma
after the transfer of autologous antitumor
lymphocytes. Proc Natl Acad Sci USA.
2004;101:14639-45.

38. Morgan RA, Dudley ME, Wunderlich JR.
Cancer regression in patients after transfer
of genetically engineered lymphocytes.
Science. 2006;314:126-9.

39. Scholten KB, Kramer D, Kueter EW, Graf
M, Schoedl T, Meijer CJ, et al. Codon mod-
ification of T cell receptors allows
enhanced functional expression in trans-
genic human T cells. Clin Immunol. 2006;
119(2):135-45.

S-A Xue et al.

134 haematologica | 2010; 95(1)


