
Adoptive Transfer of Unselected or Leukemia-Reactive T-cells in
the Treatment of Relapse Following Allogeneic Hematopoietic
Cell Transplantation

Richard J. O’Reilly, Tao Dao, Guenther Koehne, David Scheinberg, and Ekaterina
Doubrovina
The Transplantation and Leukemia Service of the Department of Medicine and the Immunology
and Molecular Pharmacology Programs at Memorial Sloan Kettering Cancer Center

Abstract

Adoptive transfer of in vivo generated antigen-specific donor-derived T-cells is increasingly

recognized as an effective approach for the treatment or prevention of EBV lymphomas and

cytomegalovirus infections complicating allogeneic hematopoietic cell transplants. This review

examines evidence from preclinical experiments and initial clinical trials to critically assess both

the potential and current limitations of adoptive transfer of donor T-cells sensitized to selected

minor alloantigens of the host or to peptide epitopes of proteins, differentially expressed by

clonogenic leukemia cells, such as the Wilms tumor protein, WT-1, as a strategy to treat or

prevent recurrence of leukemia in the post transplant period.
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Introduction

Treatments employing tumor-selective monoclonal antibodies or T-cells have recently

emerged as a promising approach for treating hematopoietic malignancies and particularly

for eradicating recurrent or minimal residual disease following allogeneic hematopoietic cell

transplants (HSCT). Several reviews have documented the increasingly important role

played by antibodies such as Rituxan in the treatment of B cell lymphomas [1, 2] and CD33

specific monoclonal antibodies as adjuncts to the therapy of myeloid malignancies [3, 4]. In

this review, we will examine the current status of adoptive T-cell therapies as adjuncts to

allogeneic HSCT for the treatment of hematologic malignancies. Particular attention will be

focused on preclinical and clinical experience with the use of T-cells specific for minor

alloantigens and antigens, such as WT-1, that are differentially expressed by host leukemic
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cells. We will also examine some of the cellular interactions which may limit the

effectiveness of adoptive T-cell therapies, and the strategies now being explored to

overcome them.

Allogeneic Marrow Transplants as a Platform for Adoptive T-cell Therapies

Allogeneic hematopoietic stem cell transplants (HSCT) derived from HLA-matched related

donors are now recognized as a potentially curative treatment of choice for patients afflicted

with acute leukemia relapsing after initial remission, high risk forms of ALL and AML in 1°

CR, MDS and advanced stages of NHL [5, 6, 7]. Furthermore, as a result of the

improvements in the precision of HLA typing provided by DNA typing and the efficiency of

donor identification and recruitment from the National Marrow Donor Program and an

integrated international network of donor registries [8, 9], the results of transplants from

matched unrelated donors for these diseases have also markedly improved [10, 11].

However, despite advances in donor matching and the introduction of more effective

combinations of immunosuppressive drugs for its prevention and treatment, Graft. vs. host

disease (GVHD), its treatment and its associated infectious complications remain significant

obstacles to the success of these transplants and to the application of transplantation to the

majority of individuals who lack an HLA-matched related or unrelated donor [12, 13].

In 1980, our group introduced an efficient method employing lectin agglutination and E-

rosette depletion for depleting T-cells from a marrow graft [14] and demonstrated that in

man, as in mouse [15, 16], T-cell depletion can prevent Graft vs. host disease both in HLA

matched and in HLA haplotype disparate transplant recipients [14, 17, 18]. Thereafter, a

variety of techniques were introduced [19–24] which employed T-cell specific monoclonal

antibodies varying significantly in their potential to deplete T-cells [25]. As a result,

consistent reductions in the incidence and severity of acute and chronic GVHD were

regularly observed only when those grafts were administered together with post transplant

immunosuppression. In contrast, marrow grafts depleted by lectin agglutination and E-

rosette depletion [17, 18, 26] or more recently, GCSF mobilized peripheral blood stem cell

transplants depleted of T-cells by positive selection of CD34+ hematopoietic progenitors

[27–29] may be administered without post transplant prophylaxis. Current protocols

employing such transplants achieve consistent engraftment with low incidences of both

acute and chronic GVHD [30, 31, 32]. For example, at our center over 70% of adults

(median age 45) transplanted for high risk forms of AML in 1° remission are surviving

disease-free at 5–10 years of follow-up [30, 31]. These results have recently been confirmed

in a multicenter trial conducted by the BMT Clinical Trials Network [33].

Early studies of adoptive T-cell therapy for the treatment of CMV infections following

unmodified allogeneic HSCT showed that the growth, persistence and therapeutic potential

of transferred T-cells was compromised by the immunosuppressive drugs coadministered to

treat or prevent GVHD [35]. In contrast, techniques that deplete alloresponsive T-cells

sufficiently to prevent acute and chronic GVHD without prophylaxis with

immunosuppressive agents circumvent this limitation and thus provide a unique platform for

exploring adoptive T-cell therapies. Indeed, clinical trials conducted in recipients of

allogeneic HSCT have already indicated the potential of adoptive transfer of donor –derived
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in vitro generated pathogen-specific T-cells to treat or prevent EBV-induced lymphomas

[34–37], and infections caused by CMV [38–40], adenovirus [41–43] and Aspergillus [44].

These studies have shown that transferred virus-specific T-cells proliferate extensively in the

transplant host, accumulate in affected tissues and persist for extended periods of time after

transfer [36, 45, 46]. These findings have thus provided useful benchmarks for assessment

of the growth and survival of leukemia-targeted T-cells. An added advantage of the use of

donor T-cells in this allogeneic HSCT setting as opposed to autologous, patient-derived T-

cells is that the donors of the T-cells are healthy donors rather than tumor-bearing hosts

whose potential for effective immune responses may already be blunted by their tumor

burden and/or the treatments used to control it. Furthermore, in the treatment of acute

leukemia, these cells may amplify the resistance to relapse already conferred by an

allogeneic unmodified or T-cell depleted graft.

The Cellular Basis of the Allogeneic Graft Vs. Leukemia Response

In early clinical trials of allogeneic HSCT, the anti-leukemic effects of the treatment were

ascribed to the leukemia-ablating activity of supralethal doses of total body irradiation and

cyclophosphamide [47]. However, subsequent studies by Fefer et al [48], confirmed by

others [49] demonstrated that for patients transplanted in early remission, the incidence of

relapse following a graft from a genotypically identical twin was almost twice that recorded

for a transplant from an HLA-matched sibling. Subsequently, Weiden et al [50]

demonstrated that patients who developed acute and/or chronic GVHD following an HLA-

matched marrow graft had a lower incidence of relapse than those who did not. These

studies in HLA-matched, presumptively minor alloantigen disparate human hosts were

consistent with prior experiments demonstrating a reduced incidence of disease recurrence

in lethally irradiated leukemic mice following H-2 disparate vs. H-2 compatible marrow

grafts [51, 52]. Based on these results, Weiden et al [50] hypothesized that minor-

alloreactive T-cells inducing GVHD were the principal effectors of the transplants anti-

leukemic activity.

In 1990, Kolb et al [53] reported three patients with CML that had relapsed following an

allogeneic marrow graft who were induced into a complete and durable cytogenetic and

molecular remission following infusion of a large dose of unselected lymphocytes from the

marrow transplant donor. This study provided the first direct evidence that adoptive transfer

of human lymphocytes could induce remission of a hematologic malignancy, and that the

enhanced resistance to leukemia acquired following a marrow allograft was mediated by

donor cells.

Cumulative experience now indicates that up to 80% of patients relapsing with CML can be

induced into remission by this approach [54, 55]. The fact that over 75% of the patients

responding to these high doses of donor leukocytes also developed GvHD was initially taken

as confirmatory evidence of the anti-leukemic effects of GvHD. However, in a trial

examining the effects of escalating doses of donor PBMC on CML relapses developing after

T-cell depleted marrow grafts, our group showed that T-cell doses as low as 0.3–1.0×107

CD3+ cells/kg, could induce durable molecular remissions of disease in over 60% of

individuals treated for histologic or cytogenetic relapse and that if these T-cell doses were
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administered > 9 months after transplant, fewer than 10% develop acute or chronic GvHD

[56]. Our findings, which were soon confirmed by Dazzi et al [57], suggest that, at this time

post transplant, T-cell doses approximating the 1–3 × 107/kg dose given in an unmodified

HLA-matched graft that, would be expected to induce grade II-IV GVHD in 30–40% of

cases despite drug prophylaxis against GVHD are limited in their potential to initiate

GVHD. We hypothesize that this is due to the replacement of host-type dendritic cells and

other professional APCs that present minor alloantigens with donor APC populations. As

shown by Streilein et al [58], and more recently by Schlomcik et al [59] and others [60]

these host-derived APCs are essential instigators of GVHD in minor alloantigen disparate

hosts.

The hypothesis that alloreactive donor T-cells contribute to the adoptively transferred

resistance to CML is also supported by the increased incidence of CML relapse observed

following transplants of T-cell depleted HSCT [61, 62, 63]. Furthermore, when donor

leukocytes have been infused, remissions of CML have been correlated with elimination of

both leukemic Ph+ myeloid cells and presumably normal Ph− T-cells of host origin [56].

Such infusions have resulted in significant increases in the frequencies of donor-derived

helper CD4+ and CD8+ T-cells reactive against both Ph− host B-cells [64] and host-type

clonogenic Ph+CD34+ CML precursors [65]. Indeed, Falkenburg et al [66] have recently

used CD4+ T-cell clones selected on the basis of their capacity to inhibit the growth of

Ph+CD34+ host CML precursors to treat a patient with CML who relapsed in accelerated

phase post transplant and had failed to respond to donor leukocyte infusions. Three infusions

providing a total of 3.2×109 T-cells from these lines induced molecular remission and

reestablished complete donor chimerism. That the donor T-cell lines were reactive against

an alloantigen expressed on the HLA matched host’s CML cells was inferred from the fact

that these lines had no effect on normal clonogenic donor CD34+ cells. Strikingly, however,

GvHD was not exacerbated post infusion. Thus, this experience raised the possibility that T-

cells reactive against alloantigens or other determinants differentially expressed on

clonogenic Ph+ CML precursors and other hematopoietic cells of the host induced the

remission observed.

For patients with AML and ALL, a lower incidence of relapse has also been observed

following an allogeneic HSCT when compared to a syngeneic HSCT [62]. However, the

contribution of alloreactive T-cells participating in GVHD to enhanced resistance is, at best,

unclear. In contrast to the situation in CML, T-cell depleted HSCT administered without

post transplant immunosuppression to patients with AML or ALL have not been associated

with an increase in the incidence of relapse. This has been demonstrated both in large single

center series and in multicenter randomized trials [30, 31, 32, 33, 63]. Conversely, for

patients relapsing with AML or ALL, infusions of unselected donor lymphocytes have been

largely ineffective. Cumulative experience in patients with AML or MDS who relapse post

transplant indicates that, only 20–30% will respond to DLI, even at doses exceeding 109

CD3+ T cells/kg [55]. Responses in patients relapsing with ALL have been rare [54, 55].

Furthermore, donor leukocyte infusions intentionally administered with a marrow graft to

increase GVHD and thereby reduce risk of ALL relapse have indeed increased the incidence

and severity of GVHD without affecting the risk of relapse [67].
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At least two features of AML and ALL cells may contribute to these treatment failures.

First, the rate of growth of ALL and AML populations at relapse is much more rapid than

that observed following recurrence of CML. In contrast, the expansion of leukemia-reactive

T-cells following donor leukocyte infusions is slow and limited. As a consequence, the size

of the leukemic burden may eclipse the number of potential effector T-cells transferred. This

hypothesis is consistent with the fact that in CML, responses to DLI are rarely observed

before 8–12 weeks post infusion, at which time donor T-cells reactive against host leukemic

precursors are first detected [64, 66, 68]. That the magnitude of the leukemic burden affects

response is also consistent with studies of the effects of DLI on CML at different levels of

disease. For example, doses of T-cells required to induce remissions in patients treated for

molecular relapse of CML (0.3–1.0×107 T –cells/kg) are an order of magnitude lower than

the 1.0–5.0 × 108 T-cells/kg required to induce remission in patients with hematologic

recurrence of chronic phase CML [56]. These higher doses are, in turn, inadequate to induce

remission in over 60% of patients treated for accelerated phase disease or blast crisis in.

However, the fact that reducing tumor burden with chemotherapy provides only a limited

additional antileukemic effect to DLI in AML and ALL, and that GVH is often induced

without eliciting a demonstrateable anti-leukemic effect [55, 69] suggests that other features

of the acute leukemias may either limit the capacity of these cells to stimulate a clinically

significant donor T-cell response or reduce their sensitivity to the ongoing cytotoxic and/or

cytoinhibitory activities of allospecific and/or leukemia-reactive T-cells transferred in the

donor leukocyte infusions.

A second feature of human AMLs and ALLs, which likely limits their capacity to elicit an

immune response, is their failure to express the costimulatory molecules B7.1 and B7.2. In

our own series of primary human AML and ALL cells, fewer than 15% express these

molecules. As shown by Cardoso et al [70], and confirmed by us and others [71, 72, 73],

AML and ALL cells lacking these costimulatory molecules are incapable of inducing a

proliferative or cytotoxic T-cell response in mixed leukocyte cultures with HLA matched or

fully allogeneic T-cells. In fact, T-cells sensitized with these B7.11− leukemic blasts are

anergized and are relatively refractory to restimulation.

Given that T-cells participating in GVHD are relatively ineffective in controlling AML or

ALL, are there other mechanisms that could explain the enhanced resistance provided by an

allogeneic relative to a syngeneic graft? For patients with AML, natural killer cells likely

play a significant role. In 2002, Ruggieri et al [74] reported that among patients receiving

HLA haplotype disparate T-cell depleted grafts for AML, those whose normal and leukemic

cells expressed HLA-C or B alleles inherited on the unshared haplotype that would not

engage inhibitory killer immunoglobulin-like receptors (KIRs) expressed on donor NK cells

and would therefore be susceptible to NK-mediated cytolysis, were at minimal risk of

leukemic relapse post transplant. Indeed, relapses in AML patients were only observed when

all inhibitory KIRs expressed by donor NK cells were engaged. Subsequent studies have

confirmed these findings [75]. Furthermore, KIR genotypes, which are inherited in man as a

constellation of activating and inhibitory KIRs encoded by a complex of genes on

chromosome 19 [76], have also been found to influence the risk of AML in HLA-matched

recipients. Early after transplant, NK cells express the full panoply of inherited KIR genes,

which, in over 30% of individuals, include inhibitory KIRs not satisfied by either the
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donor’s or matched recipient’s HLA genotype [77, 78]. As a consequence, these NK cells

can engage and kill residual leukemic cells in the host.

In contrast, KIR disparities and NK cell activity have not been associated with enhanced

resistance in patients transplanted for ALL. However, donor T-cells previously sensitized to

minor alloantigens and oncofetal proteins differentially expressed by ALL cells may

contribute to enhanced resistance. For example, Riddell et al [79] have documented a

significantly lower risk of recurrence of ALL, AML and CML in male recipients of

transplants from parous female donors, suggesting that transplants containing pre-sensitized

T-cells specific for minor alloantigens encoded by genes on the Y chromosome may

contribute to leukemic resistance. Case reports have also recorded the isolation of T-cells

specific for other minor alloantigens, such as HA-1, that exhibit cytotoxic activity against

ALL cells, in patients following HSCT [80]. In addition, recent studies have correlated

clinical evidence of the anti-tumor activity of donor lymphocyte infusions with the

emergence of donor CD8+ T-cells reactive against oncofetal proteins, such as WT-1, that are

differentially expressed by ALL blasts [68, 81].

Minor Alloantigens As Targets for Adoptive Immunotherapy of Acute

Leukemias

To date, only a limited number of antigens differentially expressed by host leukemia cells

and sufficiently immunogenic to elicit T cell responses have been identified. These include a

group of minor alloantigens which are differentially expressed on normal and malignant host

hematopoietic cells and a limited set of peptide antigens encoded by leukemia-specific

fusion genes or proteins, such as WT-1, protease 3, hTERT and others that are differentially

expressed at high concentrations in most leukemias.

The effectiveness of a T-cell mediated adoptive immunotherapy in an allogeneic HSCT

recipient critically depends upon the selection of the antigen to be targeted. Several

characteristics are now recognized to be important. First, the antigen must be sufficiently

immunogenic to elicit a specific response by T-cells derived from the normal transplant

donor. Second, the antigen must be selectively or differentially expressed by clonogenic host

leukemic cells if the T-cells generated are to be effective in eradicating disease and

preventing recurrence. Thirdly, the antigen should not be expressed by normal tissues of the

host, other than, possibly, host hematopoietic and lymphoid cells, so as to avoid severe

GVHD. Ideally, the antigenic protein should also be essential to the growth and/or survival

of the leukemic cell, such that failure to express the protein would result in growth arrest or

apoptosis. This attribute reduces the possibility of the emergence of antigen negative clones

that can evade T cell recognition.

The array of minor alloantigens that can stimulate donor T-cells to induce GVHD or

provoke an allospecific response against residual host leukemic cells is large, complex and

still poorly understood Goulmy et al. [82] were the first to isolate and characterize minor

alloantigen reactive T cell clones generated from recipients of HLA-matched marrow who

had developed GVHD. This led to the identification of the inheritance, allelic frequency,

tissue distribution and presenting HLAs of a set of minor alloantigens, termed HA-1 to 5
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[83]. By HPLC analysis of peptides eluted from cells presenting these alloantigens, she was

thereafter able to identify the alloantigenic peptide of HA-1 [84]. Since then, a large number

of minor alloantigens has been identified [85–93]. The gene origins and allelic frequencies

of many of these minor alloantigens have now been characterized and mapped, their

immunogenic peptide epitopes sequenced and each epitope’s presenting HLA allele

determined Reviewed in [94]. Most of these minor alloantigens are broadly expressed on

normal tissues and could therefore serve as targets of GVHD. However, a subset of antigens

has been identified which are selectively expressed by normal or malignant hematopoietic

and lymphoid cells [94]. Because of this limited distribution, it has been hypothesized that

T-cells specific for such minor alloantigens might exhibit anti-leukemic activity without

inducing GVHD [85. 94]. In fact, T-cells generated against several of these minor

alloantigens exhibit striking cytotoxic activity against leukemic cells in vitro. Furthermore,

T-cells reactive against certain minor alloantigens can prevent outgrowth of Ag+ leukemias

in NOD/SCID mice, indicating their activity against clonogenic leukemia stem cells [95–

97]. However, the allelic frequencies of most of these minor alloantigen polymorphisms are

such that, with the notable exception of Y chromosome encoded minor alloantigens,

disparities between a transplant donor and host that also share the minor alloantigen’s

presenting HLA allele occur at low frequency [86, 98, 99].As a consequence, clinical trials

of T-cells specific for minor alloantigens such as HA-1, HA-2, PANE 1 or LRH-1 that are

expressed selectively on host leukemic cells and normal hematopoietic progenitors have

proceeded slowly [100, 101, 102].

Proteins Differentially Expressed by Leukemic Cells as Targets for

Adoptive T-cell Therapy

Other immunogenic proteins differentially expressed by leukemias of different lineages that

have been proposed as targets for immunotherapy include: the Wilms Tumor protein, WT-1

which is overexpressed in a high proportion of ALLs, AMLs, blastic CMLs and advanced

MDS, [103– 107] the serine proteases, proteinase 3 and neutrophil elastase which are

overexpressed in AML and CML [108], human telomerase reverse transcriptase, hTERT,

[109] and the apoptosis inhibitor, survivin [110] which are overexpressed in a wide range of

malignancies, as well as the immature laminin receptor protein [OFA-I LRP] [111] and the

receptor for hyaluronic acid-mediated motility (RHAMM/CD168) [112] which are

aberrantly expressed in myeloid leukemias. Each of these proteins is immunogenic and can

elicit responses in vitro by T-cells from normal individuals. T-cell responses against several

of these proteins have also been detected at significant frequencies in the blood of tumor –

bearing patients. That the expression of certain of these proteins may be important to the

survival and growth of leukemic cells is suggested by experiments demonstrating, on the

one hand, that SiRNA mediated inhibition of expression of the protein induces apoptosis in

leukemic cell population [113–115] and, on the other, that T-cells specific for antigenic

peptide epitopes of these proteins can suppress the clonogenicity of leukemias in vitro and

their growth in vivo in xenografted NOD SCID mice [116].
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The Wilms Tumor Protein, WT-1 As A Model Antigen for Adoptive T-cell

Therapy

Experimental work examining the potential of T-cells specific for epitopes of the Wilms

tumor protein, WT-1, to inhibit clonogenic leukemic cells in vitro and in vivo in preclinical

models is particularly advanced and provides a useful illustration of both the potential and

the current limitations of antigen-specific T-cell therapies applied to the treatment of acute

leukemias.

WT1 was first identified in a mutated form in the childhood neoplasm, Wilms’ tumor [117].

This gene, located at 11p13, comprises 10 exons [118] (Fig 1). Exons 7–10 on the carboxyl

terminus of the gene encode a series of four zinc finger domains which mediate binding to

DNA. At the N-terminus, exon 1 encodes a repression domain while exons 2–5 comprise an

activating domain. Alternative splicing of transcribed mRNA contributes to the generation

of a series of different isoforms of WT-1which, in normal tissues, are expressed in defined

ratios [119]. The principal isoforms of WT-1 result from splice variants that do or do not

include a 17 amino acid sequence in exon 5 or a three amino acid sequence (KTS) between

zinc fingers 3 and 4. Isoforms with or without the exon 5 sequence differ in their patterns of

WT-1 mediated gene transcription [120], while the presence or absence of KTS alters the

spectrum of promoters bound by WT-1 and the genes that it activates or represses [121].

Recently, an isoform termed SWT-1 containing a truncated N terminal sequence of exon 1

has also been described [122]. This isoform, which is predominant in a high proportion of

primary leukemias and leukemia cell lines, lacks the repressor domain of exon 1.

Non-mutated WT-1 has been categorized as a tumor suppressor gene [117, 123, 124]. The

WT-1 protein is a transcription factor which binds and either activates or represses a

spectrum of early growth factor gene promoters, including platelet-deriver growth factor A

chain, colony stimulating factor-1, transforming growth factor-β1, and insulin-like growth

factor II [123]. Unlike the tumor suppressor genes Rb and p53, which are ubiquitously

expressed, the expression of WT1 is restricted to a limited number of normal tissues

including: fetal kidney, ovary, testis, spleen, hematopoietic precursors, and the mesothelial

cell lining of visceral organs [124]. In normal hematopoietic progenitor cells, WT-1 is

expressed at low levels. Its expression in primitive CD34+ progenitor cells inhibits

proliferation, inducing a sustained quiescence in Go [125, 126] .Expression in later stage

progenitors, on the other hand, induces terminal differentiation [126]. Thus, in these normal

progenitor cells, WT-1’s functions are also consistent with those of a tumor suppressor gene.

In contrast to its limited expression in normal hematopoietic cells, WT1 is expressed at high

levels in up to 70 % of adult and childhood AMLs, ALLs, CMLs [127] and high risk

myelodysplastic syndromes as well as in several solid tumors including: ovarian cancer,

mesothelioma, desmoplastic small round cell tumor, Wilms’ tumor, breast cancer, renal cell

carcinoma, and non-small cell lung cancer [128–134]. Among patients with acute

myelogenous leukemia, high expression of WT-1 by the patient’s leukemic blasts is

associated with a poor response to chemotherapy, a higher risk of leukemic relapse and a

significantly lower probability of extended disease-free survival [135]. Similarly, among

patients with different stages of myelodysplasia, patients with refractory anemia tend to have
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low numbers of marrow cells expressing WT-1, while patients with RAEB, RAEB and overt

AML have incrementally higher levels of WT-1 [136]. Accordingly, WT-1 expression is

now being used by several groups to estimate prognosis [137, 138]. Furthermore, pcr-based

methods quantitating WT-1 RNA in the blood are now being used to follow disease

response and to monitor minimal residual disease in patients who achieve remission [139,

140].

The function of WT-1 in leukemic cells is still poorly understood. However, in leukemic

cells, expression of WT-1 is associated with enhanced proliferation of blasts [141].

Introduction of anti-sense oligomers consistently induces apoptosis in these leukemic blasts

[142]. Similarly, SiRNA-induced inhibition of WT-1 expression in primary leukemia blasts

and leukemic cell lines inhibits their proliferation and enhances apoptosis [113, 115].

Alterations in the balance of WT-1 isoforms may also be critical to leukemic cell growth.

Thus, while introduction of an SiRNA inhibiting wild type WT-1 into K562 leukemic cells

in which the SWT-1 isoform is dominant, only moderately reduces their growth, SiRNA that

knocks down the S-WT-1 isoform profoundly inhibits proliferation [122]. The contribution

of the S-WT-1 isoform rather than wild type WT-1 to oncogenesis is further suggested by

the differentially enhanced capacity of the SWT-1 to induce 3T3 cell transformation when

cotransfected with H-rasV12 [122]

Several studies [144–147]; have shown that peptides derived from the WT-1 protein are

immunogenic in man. Ohminami et al [144] and Oka et al [145] were the first to identify

peptides of WT-1 which, when presented by HLA A2402 or HLA A0201, could elicit WT-1

peptide specific T cell clones with in vitro leukomocidal activity. These included:

1)126–134RMFPNAPYL and 2) 187–195SLGEQQYSV presented by HLA A0201, and HLA

A2402. 235–243CMTWVQMNL and 417–425RWPSCQKKF. The identification of these

epitopes catalyzed studies of the anti-tumor activity of WT-1 specific T-cells. However,

until recently, only a limited number of WT-1 epitopes, presented by prevalent class I and

class II HLA alleles have been identified. These epitopes are listed in Table 1; their

distribution within the WT-1 protein is mapped in Figure 1.

In our own studies [147], two WT-1 peptides presented by HLA A0201 elicited IFNγ+

cytotoxic WT-1 specific HLA A0201 restricted CD8+ T cells in each of 16 normal HLA

A0201+ normal donors tested. Furthermore, the T cells generated consistently exhibited

cytotoxic activity specific for WT-1+ HLA A0201+ leukemias, including AML, ALL and

CML blasts in vitro, but had no cytotoxic or colony inhibiting activity CD34+ cells from

normal adult marrow or cord blood [169]. Studies of Gao et al 116, [146] have also shown

that a T cell clone specific for RMF bound to HLA A0201 was capable of selectively

inhibiting the clonogenic activity of Ph+ CD34+ CML blasts in vitro but did not affect

normal Ph− CD34 cells.

A proportion of patients with leukemia are also able to generate T cell responses against

these WT-1 peptides. Scheibenbogen et al [148] detected T cell responses against

the 126–134RMF WT-1 peptide presented by HLA A0201 in up to 30 % of patients with

AML in remission who share this HLA allele. Rezvani et al [68] also documented the

emergence of WT-1 peptide specific T cells in patients transplanted for CML who had
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received donor lymphocytes as treatment for recurrence of disease. Strikingly, in these

patients, the emergence of WT-1 specific T cells was temporally associated with leukemic

response, suggesting that the WT-1 peptide specific T cells participated in the inductions of

molecular remission observed.

The immunogenicity of specific peptides of WT-1 presented by HLAA0201 and HLA

A2402 has also been tested in patients with leukemia as a vaccine. In the initial trial reported

by Oka et al [149], HLAA2402+ patients with hematologic malignancies, including 12 with

de novo AML in complete remission, 1 with 2° AML evolving from MDS and 1 with MDS

and myelofibrosis, received biweekly injections of the HLA A2402 presented WT-1 epitope

CMT WNQMNL or a modification of this peptide CYT WNQMNL. Of these patients, 9/13

tested developed tetramer+ T-cells; 6/11 tested generated peptide-specific IFNγ+ T-cells.

The two patients with prior MDS developed severe leukopenia, a potentially reflecting the

activity of induced WT-1 specific T-cells against malignant stem cells. WT-1 transcripts

were also decreased in the blood after vaccination. Among the 12 patients with AML in

remission, no hematopoietic toxicities were observed. However, WT-1 transcript levels fell

in 5 patients with elevated WT-1 transcripts in the blood. Furthermore, only 2 of the 12

patients developed disease progression over the 3–4 months in which the vaccinations were

administered. Subsequently Rezvani et al [150] also vaccinated 8 HLA A0201+ patients with

AML, MDS or CML in remission who had molecular evidence of minimal residual disease.

The vaccine consisted of immunogenic peptides derived from WT-1 (RMFPNAPYL) and

protease 3 (VLQELNVTV) that are presented by HLA A0201. These epitopes emulsified in

the adjuvant Montamide. Two 100ug doses of GM CSF were also administered in adjacent

areas. Again, no suppression of normal white cell, platelet or red cell counts was observed.

Of the 8 patients, 5 patients had significant increases in the number of RMF/HLAA0201

tetramer+ T cells and IFNγ+ T-cells in the circulation; in 3/6 evaluable responders, a ≥2.0

log10 reduction in circulating WT-1 transcripts was also observed.

More recently, Keilholz et al [151] used a combination of the HLA A0201 presented WT-1

peptide RMF and KLH, together with GMCSF to vaccinate 19 patients with AML (N=17) or

MDS with RAEB (N=2) who had failed to achieve remission (N=10), or could not receive

chemotherapy because of comorbidities or advanced age (N=9). Vaccinations were

administered biweekly × 4 and then monthly. All but 4 received at least 6 vaccinations over

4 months without additional intervention. Of the 17 patients with AML, 1 patient achieved a

complete remission and 13 had stabilization of disease for a median interval of 155 days

[101–571 days]. In four of these patients, there was a reduction in marrow blasts of 50% or

more.

Employing a different approach, Scheinberg et al [152, 153] have been conducting trials of a

polyvalent WT-1 peptide vaccine designed to induce both CD8 and CD4 T-cells and,

thereby, to enhance both the amplitude and persistence of T-cell responses. This vaccine

contains a heteroclitic analog of the RMFPNAPYL [126–134] peptide, YMFPNAPYL

designed to enhance binding to the HLA A0201 allele. The vaccine also includes three

epitopes, either 22aa or 19aa in length, known to be presented by HLA DRB1 of which one

is also presented by DRB, 0405, DRB1501 and 1502. One of these 19aa peptides also

includes within its sequence the HLA-A0201 presented epitope RMFPNAPYL [145]. The
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peptides have been administered as an emulsion with the adjuvant, Montanide, biweekly

over 12 weeks, together with GMCSF. Preliminary evidence suggests this approach can

induce CD4 and/or CD8 T-cell responses to the natural peptides of WT-1 in a high

proportion of patients inheriting the HLA alleles that present these epitopes. Duration of

responses and the effects of these responses on minimal residual disease are being evaluated

[152].

Preclinical and Clinical Studies of Adoptive Transfer of WT-1 Specific T-

cells

The continuing success of adoptive therapy with donor-derived pathogen-specific T-cells in

the treatment and prevention of EBV lymphomas and CMV infections developing following

allogeneic HSCT [34–40], and the demonstrated capacity of the transferred virus-specific T-

cells to expand and persist in the immunoablated transplant recipient [46], coupled with the

finding that T-cells specific for “self antigens” like WT-1 that are differentially expressed by

clonogenic leukemic cells can be generated from the blood of normal healthy donors [145,

147] has spawned considerable interest in the potential of adoptive transfer of such T-cells,

generated in vitro, to control or eradicate residual disease in allogenic HSCT recipients.

In preclinical studies, Ohminami et al [144] was the first to demonstrate that a human HLA

A2402+ T cell clone (TAK-1) specific for the CMT peptide of WT-1 could lyse WT-1+

leukemic cells in vitro. Thereafter, MAKITA et al [154] showed that this clone could induce

regressions of HLA A2402+ WT-1+ lung cancer xenografts in NOD SCID mice.

Subsequently, Gao et al [146] demonstrated that T-cells generated from an HLA A0201-

donor that were specific for the RMF peptide of WT-1 together with HLA A0201 could lyse

HLA A0201+ WT-1+ CD34+ myeloid leukemia blasts in vitro and could deplete clonogenic

cells capable of transferring leukemia into NOD/SCID mice [116]. More recently Xue et al

[143, 155] from the same group, have shown that T-cells from HLA A0201+ leukemic

patients modified to express a TCR specific for the WT-1/HLA A0201 complex can also

prevent outgrowths of autologous leukemic cells in this model. Our group has recently also

shown that co-infusion of HLA A0201 restricted T-cells specific for the RMF peptide can

durably prevent outgrowth of WT-1+ pre B ALL cells bearing this allele [156]. We also

demonstrated that T-cells specific for the RMF and SLG peptides of WT-1 presented by

adoptive transfer of this HLA A0201 allele into NOD/SCID mice bearing 4 established

human tumor xenografts differing in their expression of WT-1 and the HLA A0201 allele,

led to selective accumulations of the T-cells in subcutaneous tumor xenografts expressing

both WT-1 and HLA A0201 [147]. Strikingly, these T cells also did not accumulate in

WT-1+ tumors that were genotypically HLAA0201+ but failed to express HLA A0201 on

their surface. Because the transferred T-cells had been transduced to express HSV thymide

kinase we could also sequentially quantitate these accumulations by position emission

tomography (PET) following intravenous infusion of I124 F1AU. Targeted accumulations of

these HLA-restricted WT-1 specific T-cells in WT-1+ HLA A0201+ tumor xenografts could

be demonstrated within 4 hours of their transfer. T-cells continued to selectively accumulate

in the WT-1+, HLA A0201+ tumors for up to 12 days post transfer, resulting in tumor

regressions. In contrast, HLA A0201 restricted T-cells specific for EBV did not migrate to
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or alter the growth of the leukemic xenografts. Thus, these experiments provided evidence

that, following adoptive transfer in vivo, WT-1 peptide specific T-cells selectively

accumulate in and can induce regressions of leukemic xenografts but only if they co express

the WT-1 epitope and its presenting HLA allele.

Based on these studies, we and others have recently initiated Phase I and II trials of donor-

derived WT-1 peptide specific T-cells for the treatment of persistent minimal residual

disease or recurrence of WT-1+ AML, ALL, or MDS following allogeneic HSCT. In our

studies, we have focused efforts on the development of techniques whereby transplant donor

derived WT-1 specific T-cells can be produced for any transplant recipient, irrespective of

their HLA genotype. Accordingly, we have generated WT-1 peptide specific T-cells by

repeated sensitizations with autologous dendritic cells loaded with a pool of synthetic

pentadecapeptides that each overlap the sequence of the next by 11 amino acids and

collectively span the sequence of WT-1. Using this approach, we have been able to elicit

both CD8+ and CD4+ T-cell responses specific for WT-1 peptides in the pool from over

80% of normal donors, irrespective of their HLA genotype [157]. We have subsequently

mapped and identified the epitopes eliciting responses and thereafter, the HLA alleles

presenting each epitope. A striking feature of this approach is the fact that the T cells

generated from these normal donors have consistently exhibited cytocidal and/or

cytoinhibitory activity against WT-1+ leukemic cell lines bearing their restricting HLA allele

[157]. Thus far, infusions of these T-cells at the lower doses in this phase I dose escalation

trial have been well tolerated without renal, hematopoietic or other toxicities and without

GVHD unpublished observations. These T-cells can also at least transiently reduce or

eliminate WT-1+ cells from the circulation. However, it is too early to assess whether or to

what degree these T-cells can substantively affect recurrent or residual disease

An alternative strategy also being explored is the use of autologous T-cells transduced to

express high affinity T cell receptors specific for a WT-1 epitope presented by a prevalent

HLA allele such as HLA A0201 [143]. Initial trials with T-cells transduced with retroviral

vectors encoding α and β chains of TCRs specific for the melanoma antigens MART-1 and

tyrosinase have demonstrated their safety and, in a proportion of patients treated, has led to

significant regressions of disease [158]. However, the sustained production of functional T-

cell’s in vivo was limited by mispairing of transduced α and β chains with the α and β chains

of each T-cells endogenous receptor. As a result, in vivo expansion and persistence of T

cells bearing a functional receptor was short-lived. More recently, several approaches have

been developed to reduce mispairing. A particularly effective strategy has been to introduce

cysteine residues into the constant regions of the transduced α and β chains of the tumor-

epitope specific TCR to promote preferential pairing of the transduced α and β chains by

disulfide linkages [159]. Using this approach, Xue et al [155] have been able to generate

large populations of T-cells effectively transduced to express a high affinity WT-1 specific

TCR and have also shown that adoptive transfer of these T-cells into NOD/SCID mice that

had received an infusion of autologous CML blasts, prevented the outgrowth of this

leukemia. Based on these studies, a clinical trial of autologous T-cells transduced to express

a TCR specific for the RMF peptide of WT-1 presented by HLA A0201 is being conducted

in leukemia patients bearing this allele.
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Approaches to Enhance the Anti-Leukemic Activity and Persistence of

Transferred T-cells

In early trials of adoptive therapy using in vitro generated autologous T-cell clones specific

for antigenic epitopes of Mart-1, tyrosinase or GP100, the persistence of the induced or

transferred antigen-specific T-cells in vivo was short-lived [160]. Initially, the limited

survival of these T-cells was ascribed to their limited potential for replication after extended

growth in vitro [161]. However, the striking expansion and long-term persistence of

adoptively transferred EBV-specific T-cells in marrow allograft recipients suggested that

other mechanisms were also operative. Accordingly, Dudley et al [162] introduced

preparatory immunoablative chemotherapy of the patient prior to adoptive transfer of T-cells

to test the possibility that the expansion of transferred T-cells was limited either by

inadequate space or by active inhibition by host cells regulating reactivity against “self”

antigens. This approach radically enhanced the potential of the transferred T-cell clones to

expand and persist post infusion and is now increasingly incorporated into trials evaluating

adoptive transfer of tumor-reactive autologous T-cells in patients with solid tumors. Further

studies have also provided evidence underscoring the importance of depleting regulatory

cells in the host to ensure the persistence and sustained growth of the transferred T-cells

[163]. This finding, in turn, raises the possibility that treatment of the host with other agents

selectively targeting regulatory cells such as anti-CTLA-4 [164] or anti-PD-1, [165] rather

than broadly immunoablative drugs like cyclophosphamide or fludarabine might potentiate

the growth and persistence of adoptively transferred T-cells while avoiding the systemic

toxicities of these chemotherapeutic agents.

Recent evidence also indicates that the types of T cells administered affect the magnitude

and persistence of the T cell response. Walter et al [135] provided early evidence of the

contribution of CD4+ helper T-cells to the persistence of adoptively transferred CMV

specific T-cells. Recent studies of Hunder et al [166] also indicate that tumor antigen-

specific CD4+ T-cells can persist and exact significant anti-tumor effects without prior

lymphoablation or concominant administration of cytokines. More recently, Berger et al

[167] also demonstrated that CD8+ T cells originating from central memory T-cells [TCM]

can survive and propagate in vivo for extended periods post transfer while CD8+ effector

memory cells TEM are short-lived. These studies have focused efforts on the development of

techniques for early selection and propagation of tumor antigen-specific TCM in vitro and

stimulation of their growth in vivo. One particularly promising approach is to sensitize and

expand T-cells in vitro in the presence of IL-15 [168] or on antigen presenting cells

coexpressing IL-15 and IL-15Rα [169] which stimulate the growth of both TCM and TEM

without stimulating Fox P3+ regulatory T cells. Recent studies of Berger et al [170] also

suggest that IL-15 can stimulate the growth and persistence of both TCM and TEM in vivo. In

the non-human primate, M. nemestrina, intermittent subcutaneous doses of 2.5–10ug/kg

human recombinant IL-15 were well tolerated and resulted in significant increases in

circulating populations of CMV-specific TCM and TEM cells following adoptive transfer

which persisted for periods up to 4 weeks post cessation of IL-15 treatment. Unlike what has

been observed in primates and humans treated with IL-2 [171], IL-15 only marginally

increased the number of CD4+ Fox P3+ CD25 high regulatory T-cell. Thus, IL-15 and
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possibly other cytokines such as IL-7 [172] or IL-21 may foster expansion of memory T-

cells, and particularly TCM to enhance the persistence of adoptively transferred T-cells and

sustain their anti-tumor effects.

Introduction of a tumor-specific TCR into central memory T-cells has also been proposed as

a strategy to enhance their persistence in vivo [173]. However, in the setting of an allogeneic

HSCT, the specificities of the endogenous receptors expressed by the TCM must also be

considered, since unselected TCM populations derived from a transplant donor would be

expected to also contain alloreactive T cells capable of inducing GVHD. To circumvent this

limitation, Heemskerk et al [174] have proposed and examined the feasibility of selectively

transducing T-cells specific for the latent virus CMV to express a second TCR specific for

the minor alloantigen, HA-1. Their initial studies demonstrated the HLA-restricted dual

specificity of these transduced T-cells. Subsequent studies have also shown that these cells,

after extended propagation in vitro, preserve their dual specificity [175]. These T-cells are

soon to be introduced in clinical trials. Pule et al [176] have also recently documented that

EBV-specific T-cells transduced to express a chimeric antigen receptor [CAR] specific for

GD2 persisted for significantly longer periods than non specifically activated T-cells

expressing this CAR after adoptive transfer into patients with neuroblastoma. Their data

support the hypothesis that such bispecific T-cells may persist and exert more sustained

antitumor effects as a result of ongoing stimulation of the T-cells through their endogenous

TCR in response to the small populations of EBV+ B cells that are maintained in the

circulation.

In summary, adoptive transfer of unselected T-cells in allogeneic HSCT recipients provided

the first clear evidence of the potential of T-cells to control or eradicate residual leukemia in

man. Furthermore, T-cell depleted allogeneic HSCT, which can prevent GVHD without

administering immunosuppressive drugs post transplant provide a unique platform for the

evaluation of cell therapies applied to the treatment of human hematologic malignancies.

Preclinical studies have now clearly demonstrated the potential of donor-derived T-cells

specific for minor alloantigens expressed by a patient’s hematopoietic cells or antigens

differentially expressed by the patient’s leukemic cells to eradicate clonogenic human

leukemic cells in immunodeficient mice. Early results of vaccine trials employing

immunogenic peptides of differentially expressed proteins such as WT-1 suggest that

induction of T-cell responses to such antigens can lead to significant reductions or

eradication of leukemic cell populations. Trials of adoptive transfer of leukemia-reactive T-

cells generated from normal transplant donors have recently been initiated. The results of

preclinical and early clinical studies thus provide considerable evidence in support of the

potential of tumor-reactive T-cells to control or eradicate leukemia both in animals and in

man and suggest that adoptive T-cell-based immune therapies will emerge as an important

and increasingly effective targeted therapy for the treatment of hematologic malignancies.

Acknowledgments

Supported in part by NCI CA23766; CA106450; The Aubrey Foundation, The Clair Tow Chair in Pediatric
Oncology Research, The Laura Rosenberg Foundation and The Major Family Foundation.

O’Reilly et al. Page 14

Semin Immunol. Author manuscript; available in PMC 2014 October 02.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



References

1. Held G, Pöschel V, Pfreundschuh M. Rituximab for the treatment of diffuse large B-cell
lymphomas. Expert Rev Anticancer Ther. 2006 Aug; 6(8):1175–1186. [PubMed: 16925484]

2. Marcus R, Hagenbeek A. The therapeutic use of rituximab in non-Hodgkin's lymphoma. Eur J
Haematol Suppl. 2007:5–14. [PubMed: 17206982]

3. Stasi R, Evangelista ML, Buccisano F, Venditt A, Amadori S. Gemtuzumab ozogamicin in the
treatment of acute myeloid leukemia. Cancer treatment reviews. 2008; 34:49–60. [PubMed:
17942233]

4. Mulford D. Antibody therapy for acute myeloid leukemia. Semin Hematol. 2008; 45:104–109.
[PubMed: 18381105]

5. Appelbaum FR. Allogeneic hematopoietic stem cell transplantation for acute leukemia. Semin
Oncol. 1997; 24:114–123. [PubMed: 9045297]

6. Deeg HJ, Appelbaum FR. Hemopoietic stem cell transplantation for myelodysplastic syndrome.
Curr Opin Oncol. 2000; 12:116–120. [PubMed: 10750721]

7. Khouri IF, Saliba RM, Giralt SA, Lee MS, Okoroji GJ, Hagemeister FB, et al. Nonablative
allogeneic hematopoietic transplantation as adoptive immunotherapy for indolent lymphoma: low
incidence of toxicity, acute graft-versus-host disease, and treatment-related mortality. Blood. 2001;
98:3595–3599. [PubMed: 11739162]

8. Lee SJ, Klein J, Haagenson M, Baxter-Lowe LA, Confer DL, Eapen M, et al. High-resolution
donor-recipient HLA matching contributes to the success of unrelated donor marrow
transplantation. Blood. 2007; 110:4576–4583. [PubMed: 17785583]

9. Ballen KK, King RJ, Chitphakdithai P, Bolan CD Jr, Agura E, Hartzman RJ, et al. The national
marrow donor program 20 years of unrelated donor hematopoietic cell transplantation. Biol Blood
Marrow Transplant. 2008; 14:2–7. [PubMed: 18721774]

10. Drobyski WR, Klein J, Flomenberg N, Pietryga D, Vesole DH, Margolis DA, et al. Superior
survival associated with transplantation of matched unrelated versus one-antigen-mismatched
unrelated or highly human leukocyte antigen-disparate haploidentical family donor marrow grafts
for the treatment of hematologic malignancies: establishing a treatment algorithm for recipients of
alternative donor grafts. Blood. 2002; 99:806–814. [PubMed: 11806980]

11. Castro-Malaspina H, Harris RE, Gajewski J, Ramsay N, Collins R, Dharan B, et al. Unrelated
donor marrow transplantation for myelodysplastic syndromes: outcome analysis in 510 transplants
facilitated by the National Marrow Donor Program. Blood. 2002; 99:1943–1951. [PubMed:
11877264]

12. Finke J, Bethge WA, Schmoor C, Ottinger HD, Stelljes M, Zander AR, et al. Standard graft-
versus-host disease prophylaxis with or without anti-T-cell globulin in haematopoietic cell
transplantation from matched unrelated donors: a randomised, open-label, multicentre phase 3
trial. Lancet Oncol. 2009; 10:855–864. [PubMed: 19695955]

13. Baxter-Lowe LA, Maiers M, Spellman SR, Haagenson MD, Wang T, Fernandez-Vina M, et al.
HLA-A disparities illustrate challenges for ranking the impact of HLA mismatches on bone
marrow transplant outcomes in the United States. Biol Blood Marrow Transplant. 2009; 15:971–
981. [PubMed: 19589487]

14. Reisner Y, Kapoor N, Kirkpatrick D, Pollack MS, Dupont B, Good RA, et al. Transplantation for
acute leukaemia with HLA-A and B nonidentical parental marrow cells fractionated with soybean
agglutinin and sheep red blood cells. Lancet. 1981; 2:327–331. [PubMed: 6115110]

15. von Boehmer H, Hudson L, Sprent J. Collaboration of histoincompatible T and B lymphocytes
using cells from tetraparental bone marrow chimeras. J Exp Med. 1975; 142:989–997. [PubMed:
51901]

16. Reisner Y, Pahwa S, Chiao JW, Sharon N, Evans RL, Good RA. Separation of antibody helper and
antibody suppressor human T cells by using soybean agglutinin. Proc Natl Acad Sci U S A. 1980;
77:6778–6782. [PubMed: 6450419]

17. Reisner Y, Itzicovitch L, Meshorer A, Sharon N. Hemopoietic stem cell transplantation using
mouse bone marrow and spleen cells fractionated by lectins. Proc Natl Acad Sci U S A. 1978 Jun;
75(6):2933–2936. [PubMed: 26916]

O’Reilly et al. Page 15

Semin Immunol. Author manuscript; available in PMC 2014 October 02.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



18. O'Reilly RJ. T-cell depletion and allogeneic bone marrow transplantation. Semin Hematol. 1992;
29:20–26. [PubMed: 1615341]

19. Soiffer RJ, Murray C, Mauch P, Anderson KC, Freedman AS, Rabinowe SN, et al. Prevention of
graft-versus-host disease by selective depletion of CD6-positive T lymphocytes from donor bone
marrow. J Clin Oncol. 1992; 10:1191–1200. [PubMed: 1607923]

20. Waldmann H, Polliak A, Hale G, Or R, Cividalli G, Weiss L, et al. Elimination of graft-versus-host
disease by in-vitro depletion of alloreactive lymphocytes with a monoclonal rat anti-human
lymphocyte antibody (CAMPATH-1). Lancet. 1984; 2:483–486. [PubMed: 6147548]

21. Lowenberg B, Wagemaker G, van Bekkum DW, Sizoo W, Sintnicolaas K, Hendriks WD, et al.
Graft-versus-host disease following transplantation of 'one log' versus 'two log' T-lymphocyte-
depleted bone marrow from HLA-identical donors. Bone Marrow Transplant. 1986; 1:133–140.
[PubMed: 3332128]

22. Prentice HG, Blacklock HA, Janossy G, Bradstock KF, Skeggs D, Goldstein G, et al. Use of anti-
T-cell monoclonal antibody OKT3 to prevent acute graft-versus-host disease in allogeneic bone-
marrow transplantation for acute leukaemia. Lancet. 1982; 1:700–703. [PubMed: 6122004]

23. Martin PJ, Hansen JA, Buckner CD, Sanders JE, Deeg HJ, Stewart P, et al. Effects of in vitro
depletion of T cells in HLA-identical allogeneic marrow grafts. Blood. 1985; 66:664–672.
[PubMed: 3896348]

24. Maraninchi D, Gluckman E, Blaise D, Guyotat D, Rio B, Pico JL, et al. Impact of T-cell depletion
on outcome of allogeneic bone-marrow transplantation for standard-risk leukaemias. Lancet. 1987;
2:175–178. [PubMed: 2885638]

25. Frame JN, Collins NH, Cartagena T, Waldmann H, O'Reilly RJ, Dupont B, et al. T cell depletion
of human bone marrow. Comparison of Campath-1 plus complement, anti-T cell ricin A chain
immunotoxin, and soybean agglutinin alone or in combination with sheep erythrocytes or
immunomagnetic beads. Transplantation. 1989; 47:984–988. [PubMed: 2660360]

26. Aversa F, Tabilio A, Velardi A, Cunningham I, Terenzi A, Falzetti F, et al. Treatment of high-risk
acute leukemia with T-cell-depleted stem cells from related donors with one fully mismatched
HLA haplotype. N Engl J Med. 1998; 339:1186–1193. [PubMed: 9780338]

27. Jakubowski AA, Small TN, Young JW, Kernan NA, Castro-Malaspina H, Hsu KC, et al. T cell
depleted stem-cell transplantation for adults with hematologic malignancies: sustained engraftment
of HLA-matched related donor grafts without the use of antithymocyte globulin. Blood. 2007;
110:4552–4559. [PubMed: 17717135]

28. Aversa F, Terenzi A, Tabilio A, Falzetti F, Carotti A, Ballanti S, et al. Full haplotype-mismatched
hematopoietic stem-cell transplantation: a phase II study in patients with acute leukemia at high
risk of relapse. J Clin Oncol. 2005; 23:3447–3454. [PubMed: 15753458]

29. Peters C, Matthes-Martin S, Fritsch G, Holter W, Lion T, Witt V, et al. Transplantation of highly
purified peripheral blood CD34+ cells from HLA-mismatched parental donors in 14 children:
evaluation of early monitoring of engraftment. Leukemia. 1999; 13:2070–2078. [PubMed:
10602431]

30. Papadopoulos EB, Carabasi MH, Castro-Malaspina H, Childs BH, Mackinnon S, Boulad F, et al.
T-cell depleted allogeneic bone marrow transplantation as postremission therapy for acute
myelogenous leukemia: freedom from relapse in the absence of graft-versus-host disease. Blood.
1998; 91:1083–1090. [PubMed: 9446672]

31. Jakubowski AA, Small TN, Young JW, Kernan NA, Castro-Malaspina H, Hsu KC, et al. T cell
depleted stem-cell transplantation for adults with hematologic malignancies: sustained engraftment
of HLA-matched related donor grafts without the use of antithymocyte globulin. Blood. 2007;
110:4552–4559. [PubMed: 17717135]

32. Aversa F, Terenzi A, Carotti A, Felicini R, Jacucci R, Zei T, et al. Improved outcome with T-cell-
depleted bone marrow transplantation for acute leukemia. J Clin Oncol. 1999; 17:1545–1550.
[PubMed: 10334542]

33. Devine SM, Soiffer RJ, Carter S, Pasquini M, Hari P, DeVore S, et al. HLA-Identical Sibling-
Matched, CD34+ Selected, T cell Depleted Peripheral Blood Stem Cells Following Myeloablative
Conditioning For First or Second Remission AML: Results of Blood and Marrow Transplant
Clinical Trials Network (BMT CTN) Protocol 0303. Blood. 2009 In press.

O’Reilly et al. Page 16

Semin Immunol. Author manuscript; available in PMC 2014 October 02.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



34. Papadopoulos EB, Ladanyi M, Emanuel D, Mackinnon S, Boulad F, Carabasi MH, et al. Infusions
of donor leukocytes to treat Epstein-Barr virus-associated lymphoproliferative disorders after
allogeneic bone marrow transplantation. N Engl J Med. 1994; 330:1185–1191. [PubMed:
8093146]

35. Walter EA, Greenberg PD, Gilbert MJ, Finch RJ, Watanabe KS, Thomas ED, Riddell SR.
Reconstitution of cellular immunity against cytomegalovirus in recipients of allogeneic bone
marrow by transfer of T-cell clones from the donor. N Engl J Med. 1995; 333(16):1038–1044.
[PubMed: 7675046]

36. Rooney CM, Smith CA, Ng CY, Loftin S, Li C, Krance RA, et al. Use of gene-modified virus-
specific T lymphocytes to control Epstein-Barr-virus-related lymphoproliferation. Lancet. 1995;
345:9–13. [PubMed: 7799740]

37. O'Reilly RJ, Small TN, Papadopoulos E, Lucas K, Lacerda J, Koulova L. Biology and adoptive
cell therapy of Epstein-Barr virus-associated lymphoproliferative disorders in recipients of marrow
allografts. Immunol Rev. 1997; 157:195–216. [PubMed: 9255631]

38. Riddell SR, Watanabe KS, Goodrich JM, Li CR, Agha ME, Greenberg PD. Restoration of viral
immunity in immunodeficient humans by the adoptive transfer of T cell clones. Science. 1992;
257:238–241. [PubMed: 1352912]

39. Einsele H, Roosnek E, Rufer N, Sinzger C, Riegler S, Loffler J, et al. Infusion of cytomegalovirus
(CMV)-specific T cells for the treatment of CMV infection not responding to antiviral
chemotherapy. Blood. 2002; 99:3916–3922. [PubMed: 12010789]

40. Peggs KS, Verfuerth S, Pizzey A, Khan N, Guiver M, Moss PA, et al. Adoptive cellular therapy for
early cytomegalovirus infection after allogeneic stem-cell transplantation with virus-specific T-cell
lines. Lancet. 2003; 362:1375–1377. [PubMed: 14585640]

41. Feuchtinger T, Richard C, Joachim S, Scheible MH, Schumm M, Hamprecht K, et al. Clinical
grade generation of hexon-specific T cells for adoptive T-cell transfer as a treatment of adenovirus
infection after allogeneic stem cell transplantation. J Immunother. 2008; 31:199–206. [PubMed:
18481389]

42. Leen AM, Christin A, Myers GD, Liu H, Cruz CR, Hanley PJ, et al. Cytotoxic T lymphocyte
therapy with donor T cells prevents and treats adenovirus and Epstein-Barr virus infections after
haploidentical and matched unrelated stem cell transplant. Blood. 2009 [Epub ahead of print].

43. Leen AM, Myers GD, Sili U, Huls MH, Weiss H, Leung KS, et al. Monoculture-derived T
lymphocytes specific for multiple viruses expand and produce clinically relevant effects in
immunocompromised individuals. Nat Med. 2006; 12:1160–1166. [PubMed: 16998485]

44. Perruccio K, Tosti A, Burchielli E, Topini F, Ruggeri L, Carotti A, Capanni M, Urbani E, Mancusi
A, Aversa F, Martelli MF, Romani L, Velardi A. Transferring functional immune responses to
pathogens after haploidentical hematopoietic transplantation. Blood. 2005 Dec 15; 106(13):4397–
406. Epub 2005 Aug 25. [PubMed: 16123217]

45. Koehne G, Doubrovin M, Doubrovina E, Zanzonico P, Gallardo HF, Ivanova A, et al. Serial in
vivo imaging of the targeted migration of human HSV-TK-transduced antigen-specific
lymphocytes. Nat Biotechnol. 2003; 21:405–413. [PubMed: 12652311]

46. Heslop HE, Ng CY, Li C, Smith CA, Loftin SK, Krance RA, et al. Long-term restoration of
immunity against Epstein-Barr virus infection by adoptive transfer of gene-modified virus-specific
T lymphocytes. Nat Med. 1996; 2:551–555. [PubMed: 8616714]

47. Thomas ED, Buckner CD, Banaji M, Clift RA, Fefer A, Flournoy N, et al. One hundred patients
with acute leukemia treated by chemotherapy, total body irradiation, and allogeneic marrow
transplantation. Blood. 1977; 49:511–533. [PubMed: 14751]

48. Fefer, A.; Sullivan, K.; Weiden, P., et al. Graft versus leukemia effect in man: The relapse rate of
acute leukemia is lower after allogeneic than after syngeneic marrow transplantation. In: Truitt, R.;
Gale, RP.; Bortin, MM., editors. Cellular immunotherapy of cancer. New York: Alan R. Liss;
1987. p. 401-408.

49. Gale R, Champlin R. How does bone-marrow transplantation cure leukaemia? Lancet. 1984; 2:28–
30. [PubMed: 6145942]

O’Reilly et al. Page 17

Semin Immunol. Author manuscript; available in PMC 2014 October 02.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



50. Weiden PL, Flournoy N, Thomas ED, et al. Antileukemic effect of graft-versus-host disease in
human recipients of allogeneic-marrow grafts. N Engl J Med. 1979; 300:1068–1073. [PubMed:
34792]

51. Truitt RL, Shih CY, Lefever AV, Tempelis LD, Andreani M, Bortin MM. Characterization of
alloimmunization-induced T lymphocytes reactive against AKR leukemia in vitro and correlation
with graft-vs-leukemia activity in vivo. J Immunol. 1983 Oct; 131(4):2050–2058. [PubMed:
6194224]

52. Bortin MM, Truitt RL, Rimm AA, Bach FH. Graft-versus-leukaemia reactivity induced by
alloimmunisation without augmentation of graft-versus-host reactivity. Nature. 1979 Oct 11;
281(5731):490–491. [PubMed: 386133]

53. Kolb HJ, Mittermuller J, Clemm C, Holler E, Ledderose G, Brehm G, et al. Donor leukocyte
transfusions for treatment of recurrent chronic myelogenous leukemia in marrow transplant
patients. Blood. 1990; 76:2462–2465. [PubMed: 2265242]

54. Collins RH Jr, Shpilberg O, Drobyski WR, Porter DL, Giralt S, Champlin R, et al. Donor
leukocyte infusions in 140 patients with relapsed malignancy after allogeneic bone marrow
transplantation. J Clin Oncol. 1997; 15:433–444. [PubMed: 9053463]

55. Kolb HJ, Schattenberg A, Goldman JM, Hertenstein B, Jacobsen N, Arcese W, et al. Graft-versus-
leukemia effect of donor lymphocyte transfusions in marrow grafted patients. Blood. 1995;
86:2041–2050. [PubMed: 7655033]

56. Mackinnon S, Papadopoulos EB, Carabasi MH, Reich L, Collins NH, Boulad F, et al. Adoptive
immunotherapy evaluating escalating doses of donor leukocytes for relapse of chronic myeloid
leukemia after bone marrow transplantation: separation of graft-versus-leukemia responses from
graft-versus-host disease. Blood. 1995; 86:1261–1268. [PubMed: 7632930]

57. Dazzi F, Szydlo RM, Craddock C, Cross NC, Kaeda J, Chase A, et al. Comparison of single-dose
and escalating-dose regimens of donor lymphocyte infusion for relapse after allografting for
chronic myeloid leukemia. Blood. 2000; 95:67–71. [PubMed: 10607686]

58. Streilein JW, Billingham RE. An analysis of graft-versus-host disease in Syrian hamsters. I. The
epidermolytic syndrome: description and studies on its procurement. J Exp Med. 1970; 132:163–
180. [PubMed: 4396296]

59. Shlomchik WD, Couzens MS, Tang CB, McNiff J, Robert ME, Liu J, et al. Prevention of graft
versus host disease by inactivation of host antigen-presenting cells. Science. 1999; 285:412–415.
[PubMed: 10411505]

60. Duffner UA, Maeda Y, Cooke KR, Reddy P, Ordemann R, Liu C, et al. Host dendritic cells alone
are sufficient to initiate acute graft-versus-host disease. J Immunol. 2004; 172:7393–7398.
[PubMed: 15187116]

61. Apperley JF, Jones L, Hale G, Waldmann H, Hows J, Rombos Y, Tsatalas C, Marcus RE, Goolden
AW, Gordon-Smith EC, et al. Bone marrow transplantation for patients with chronic myeloid
leukaemia: T-cell depletion with Campath-1 reduces the incidence of graft-versus-host disease but
may increase the risk of leukaemic relapse. Bone Marrow Transplant. 1986 May; 1(1):53–66.
[PubMed: 3332120]

62. Horowitz MM, Gale RP, Sondel PM, Goldman JM, Kersey J, Kolb HJ, et al. Graft-versus-
leukemia reactions after bone marrow transplantation. Blood. 1990; 75:555–562. [PubMed:
2297567]

63. Wagner JE, Thompson JS, Carter SL, Kernan NA. Effect of graft-versus-host disease prophylaxis
on 3-year disease-free survival in recipients of unrelated donor bone marrow (T-cell Depletion
Trial): a multicentre, randomised phase II-III trial. Lancet. 2005 Aug-Sep;366(9487):733–741.
[PubMed: 16125590]

64. Bunjes D, Theobald M, Hertenstein B, Wiesneth M, Novotny J, Arnold R, et al. Successful therapy
with donor buffy coat transfusions in patients with relapsed chronic myeloid leukemia after bone
marrow transplantation is associated with high frequencies of host-reactive interleukin 2-secreting
T helper cells. Bone Marrow Transplant. 1995; 15:713–719. [PubMed: 7670400]

65. Falkenburg JH, Smit WM, Willemze R. Cytotoxic T-lymphocyte (CTL) responses against acute or
chronic myeloid leukemia. Immunol Rev. 1997; 157:223–230. [PubMed: 9255633]

O’Reilly et al. Page 18

Semin Immunol. Author manuscript; available in PMC 2014 October 02.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



66. Falkenburg JH, Wafelman AR, Joosten P, Smit WM, van Bergen CA, Bongaerts R, et al. Complete
remission of accelerated phase chronic myeloid leukemia by treatment with leukemia-reactive
cytotoxic T lymphocytes. Blood. 1999; 94:1201–1208. [PubMed: 10438707]

67. Sullivan KM, Storb R, Buckner CD, Fefer A, Fisher L, Weiden PL, et al. Graft-versus-host disease
as adoptive immunotherapy in patients with advanced hematologic neoplasms. N Engl J Med.
1989; 320:828–834. [PubMed: 2648143]

68. 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; 110:1924–1932. [PubMed:
17505014]

69. Kolb, HJ. Management of relapse after hematopoietic cell transplantation. In: Thomas, ED.;
Blume, KG.; Forman, ST., editors. Hematopoietic cell transplantation. 2nd ed. Blackwell Science,
Inc.; 1999. p. 929-936.

70. Cardoso AA, Schultze JL, Boussiotis VA, Freeman GJ, Seamon MJ, Laszlo S, et al. Pre-B acute
lymphoblastic leukemia cells may induce T-cell anergy to alloantigen. Blood. 1995; 88:41–48.
[PubMed: 8704200]

71. Koehne G, Gallardo HF, Latouche JB, Hirschberger L, Sadelain M, O’Reilly RJ. In vitro
stimulation with B7.1 transduced primary human T-ALL permits efficient generation of leukemia-
selective allogeneic donor T-cells expressing a mutant NGFR and HSV-TK for controlled graft-
versus-leukemia reaction. Blood. 1999; 94 suppl 1(10) abstr 1455.

72. Stripecke R, Cardoso AA, Pepper KA, Skelton DC, Yu XJ, Mascarenhas L, et al. Lentiviral vectors
for efficient delivery of CD80 and granulocyte-macrophage-colony-stimulating factor in human
acute lymphoblastic leukemia and acute myeloid leukemia cells to induce antileukemic immune
responses. Blood. 2000; 96:1317–1326. [PubMed: 10942373]

73. Kebelmann-Betzing C, Korner G, Badiali L, Buchwald D, Moricke A, Korte A, et al.
Characterization of cytokine, growth factor receptor, costimulatory and adhesion molecule
expression patterns of bone marrow blasts in relapsed childhood B cell precursor all. Cytokine.
2001; 13:39–50. [PubMed: 11145841]

74. Ruggeri L, Capanni M, Urbani E, Perruccio K, Shlomchik WD, Tosti A, et al. Effectiveness of
donor natural killer cell alloreactivity in mismatched hematopoietic transplants. Science. 2002;
295:2097–2100. [PubMed: 11896281]

75. Beelen DW, Ottinger HD, Ferencik S, Elmaagacli AH, Peceny R, Trenschel R, Grosse-Wilde H.
Genotypic inhibitory killer immunoglobulin-like receptor ligand incompatibility enhances the
long-term antileukemic effect of unmodified allogeneic hematopoietic stem cell transplantation in
patients with myeloid leukemias. Blood. 2005 Mar 15; 105(6):2594–2600. [PubMed: 15536148]

76. Hsu KC, Liu XR, Selvakumar A, Mickelson E, O'Reilly RJ, Dupont B. Killer Ig-like receptor
haplotype analysis by gene content: evidence for genomic diversity with a minimum of six basic
framework haplotypes, each with multiple subsets. J Immunol. 2002; 169:5118–5129. [PubMed:
12391228]

77. Hsu KC, Keever-Taylor CA, Wilton A, Pinto C, Heller G, Arkun K, et al. Improved outcome in
HLA-identical sibling hematopoietic stem-cell transplantation for acute myelogenous leukemia
predicted by KIR and HLA genotypes. Blood. 2005; 105:4878–4884. [PubMed: 15731175]

78. Miller JS, Cooley S, Parham P, Farag SS, Verneris MR, McQueen KL, et al. Missing KIR ligands
are associated with less relapse and increased graft-versus-host disease (GVHD) following
unrelated donor allogeneic HCT. Blood. 2007; 109(11):5058–5061. [PubMed: 17317850]

79. Randolph SS, Gooley TA, Warren EH, Appelbaum FR, Riddell SR. Female donors contribute to a
selective graft-versus-leukemia effect in male recipients of HLA-matched, related hematopoietic
stem cell transplants. Blood. 2004; 103(1):347–352. [PubMed: 12969970]

80. Kircher B, Wolf M, Stevanovic S, Rammensee HG, Grubeck-Loebenstein B, Gastl G, Nachbaur D.
Hematopoietic lineage-restricted minor histocompatibility antigen HA-1 in graft-versus-leukemia
activity after donor lymphocyte infusion. J Immunother. 2004; 27(2):156–160. [PubMed:
14770087]

81. 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; 119:1360–1367. [PubMed: 16596644]

O’Reilly et al. Page 19

Semin Immunol. Author manuscript; available in PMC 2014 October 02.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



82. Goulmy E, Gratama JW, Blokland E, Zwaan FE, van Rood JJ. A minor transplantation antigen
detected by MHC-restricted cytotoxic T lymphocytes during graft-versus-host disease. Nature.
1983; 302:159–161. [PubMed: 6186923]

83. Goulmy E. Cellular immunologic in vitro studies of kidney and bone marrow transplantation:
cytotoxic T cell activity--an advantage or disadvantage? Transplant Proc. 1988; 20:183–185.
[PubMed: 3284037]

84. den Haan JM, Meadows LM, Wang W, Pool J, Blokland E, Bishop TL, et al. The minor
histocompatibility antigen HA-1: a diallelic gene with a single amino acid polymorphism. Science.
1998; 279:1054–1057. [PubMed: 9461441]

85. de Bueger M, Bakker A, Van Rood JJ, Van der Woude F, Goulmy E. Tissue distribution of human
minor histocompatibility antigens. Ubiquitous versus restricted tissue distribution indicates
heterogeneity among human cytotoxic T lymphocyte-defined non-MHC antigens. J Immunol.
1992; 149:1788–1794. [PubMed: 1380540]

86. van Els CA, D'Amaro J, Pool J, Blokland E, Bakker A, van Elsen PJ, et al. Immunogenetics of
human minor histocompatibility antigens: their polymorphism and immunodominance.
Immunogenetics. 1992; 35:161–165. [PubMed: 1537607]

87. Dolstra H, Fredrix H, Preijers F, Goulmy E, Figdor CG, de Witte TM, et al. Recognition of a B cell
leukemia-associated minor histocompatibility antigen by CTL. J Immunol. 1997; 158:560–565.
[PubMed: 8992968]

88. Warren EH, Greenberg PD, Riddell SR. Cytotoxic T-lymphocyte-defined human minor
histocompatibility antigens with a restricted tissue distribution. Blood. 1998; 91:2197–2207.
[PubMed: 9490709]

89. Warren EH, Gavin MA, Simpson E, Chandler P, Page DC, Disteche C, et al. The human UTY
gene encodes a novel HLA-B8-restricted H-Y antigen. J Immunol. 2000; 164:2807–2814.
[PubMed: 10679124]

90. Dolstra H, Fredrix H, Maas F, Coulie PG, Brasseur F, Mensink E, et al. A human minor
histocompatibility antigen specific for B cell acute lymphoblastic leukemia. J Exp Med. 1999;
189:301–308. [PubMed: 9892612]

91. Dolstra H, de Rijke B, Fredrix H, Balas A, Maas F, Scherpen F, et al. Bi-directional allelic
recognition of the human minor histocompatibility antigen HB-1 by cytotoxic T lymphocytes. Eur
J Immunol. 2002; 32:2748–2758. [PubMed: 12355426]

92. Akatsuka Y, Nishida T, Kondo E, Miyazaki M, Taji H, Iida H, et al. Identification of a
polymorphic gene, BCL2A1, encoding two novel hematopoietic lineage-specific minor
histocompatibility antigens. J Exp Med. 2003; 197:1489–1500. [PubMed: 12771180]

93. Brickner AG, Evans AM, Mito JK, Xuereb SM, Feng X, Nishida T, et al. The PANE1 gene
encodes a novel human minor histocompatibility antigen that is selectively expressed in B-
lymphoid cells and B-CLL. Blood. 2006; 107:3779–3786. [PubMed: 16391015]

94. Spaapen R, Mutis T. Targeting haematopoietic-specific minor histocompatibility antigens to
distinguish graft-versus-tumour effects from graft-versus-host disease. Best Pract Res Clin
Haematol. 2008; 21:543–557. [PubMed: 18790454]

95. Bonnet D, Warren EH, Greenberg PD, Dick JE, Riddell SR. CD8(+) minor histocompatibility
antigen-specific cytotoxic T lymphocyte clones eliminate human acute myeloid leukemia stem
cells. Proc Natl Acad Sci U S A. 1999; 96:8639–8644. [PubMed: 10411928]

96. Rosinski KV, Fujii N, Mito JK, Koo KK, Xuereb SM, Sala-Torra O, et al. DDX3Y encodes a class
I MHC-restricted H-Y antigen that is expressed in leukemic stem cells. Blood. 2008; 111:4817–
4826. [PubMed: 18299450]

97. Hambach L, Nijmeijer BA, Aghai Z, Schie ML, Wauben MH, Falkenburg JH, et al. Human
cytotoxic T lymphocytes specific for a single minor histocompatibility antigen HA-1 are effective
against human lymphoblastic leukaemia in NOD/scid mice. Leukemia. 2006; 20:371–374.
[PubMed: 16357839]

98. Spierings E, Hendriks M, Absi L, Canossi A, Chhaya S, Crowley J, et al. Phenotype frequencies of
autosomal minor histocompatibility antigens display significant differences among populations.
PLoS Genet. 2007; 3:e103. [PubMed: 17604453]

O’Reilly et al. Page 20

Semin Immunol. Author manuscript; available in PMC 2014 October 02.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



99. Di Terlizzi S, Zino E, Mazzi B, Magnani C, Tresoldi C, Perna SK, et al. Therapeutic and
diagnostic applications of minor histocompatibility antigen HA-1 and HA-2 disparities in
allogeneic hematopoietic stem cell transplantation: a survey of different populations. Biol Blood
Marrow Transplant. 2006; 12:95–101. [PubMed: 16399573]

100. Warren EH, Tykodi SS, Murata M, Sandmaier BM, Storb R, Jaffee E, et al. T-cell therapy
targeting minor histocompatibility Ags for the treatment of leukemia and renal-cell carcinoma.
Cytotherapy. 2002; 4:441. [PubMed: 12473218]

101. Riddell SR, Bleakley M, Nishida T, Berger C, Warren EH. Adoptive transfer of allogeneic
antigen-specific T cells. Biol Blood Marrow Transplant. 2006; 12:9–12. [PubMed: 16399578]

102. Mutis T, Schrama E, van Luxemburg-Heijs SA, Falkenburg JH, Melief CJ, Goulmy E. HLA class
II restricted T-cell reactivity to a developmentally regulated antigen shared by leukemic cells and
CD34+ early progenitor cells. Blood. 1997; 90:1083–1090. [PubMed: 9242539]

103. Rosenfeld C, Cheever MA, Gaiger A. WT1 in acute leukemia, chronic myelogenous leukemia
and myelodysplastic syndrome: therapeutic potential of WT1 targeted therapies. Leukemia. 2003;
17:1301–1312. [PubMed: 12835718]

104. 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 outcome. Blood. 1997; 90:1217–1225. [PubMed: 9242555]

105. Cilloni D, Gottardi E, Messa F, Fava M, Scaravaglio P, Bertini M, et al. Significant Correlation
between the degree of WT1 expression and the International Prognostic Scoring System Score in
patients with myelodysplastic syndromes. J Clin Oncol. 2003; 21:1988–1995. [PubMed:
12743153]

106. Otahalova E, Ullmannova-Benson V, Klamova H, Haskovec C. WT1 expression in peripheral
leukocytes of patients with chronic myeloid leukemia serves for the prediction of Imatinib
resistance. Neoplasma. 2009; 56:393–397. [PubMed: 19580340]

107. Miwa H, Beran M, Saunders GF. Expression of the Wilms' tumor gene (WT1) in human
leukemias. Leukemia. 1992; 6:405–409. [PubMed: 1317488]

108. Barrett J, Rezvani K. Neutrophil granule proteins as targets of leukemia-specific immune
responses. Curr Opin Hematol. 2006; 13:15–20. [PubMed: 16319682]

109. Kelland LR. Overcoming the immortality of tumour cells by telomere and telomerase based
cancer therapeutics--current status and future prospects. Eur J Cancer. 2005; 41:971–979.
[PubMed: 15862745]

110. Ambrosini G, Adida C, Altieri DC. A novel anti-apoptosis gene, survivin, expressed in cancer
and lymphoma. Nat Med. 1997; 3:917–921. [PubMed: 9256286]

111. Siegel S, Wagner A, Kabelitz D, Marget M, Coggin J Jr, Barsoum A, et al. Induction of cytotoxic
T-cell responses against the oncofetal antigen-immature laminin receptor for the treatment of
hematologic malignancies. Blood. 2003; 102(13):4416–4423. [PubMed: 12869512]

112. Greiner J, Li L, Ringhoffer M, Barth TF, Giannopoulos K, Guillaume P, et al. Identification and
characterization of epitopes of the receptor for hyaluronic acid-mediated motility (RHAMM/
CD168) recognized by CD8+ T cells of HLA-A2-positive patients with acute myeloid leukemia.
Blood. 2005; 106:938–945. [PubMed: 15827130]

113. Tatsumi N, Oji Y, Tsuji N, Tsuda A, Higashio M, Aoyagi S, et al. Wilms' tumor gene WT1-
shRNA as a potent apoptosis-inducing agent for solid tumors. Int J Oncol. 2008 Mar; 32(3):701–
711. [PubMed: 18292948]

114. Bories D, Raynal MC, Solomon DH, Darzynkiewicz Z, Cayre YE. Down-regulation of a serine
protease, myeloblastin, causes growth arrest and differentiation of promyelocytic leukemia cells.
Cell. 1989; 59:959–968. [PubMed: 2598267]

115. Glienke W, Maute L, Koehl U, Esser R, Milz E, Bergmann L. Effective treatment of leukemic
cell lines with wt1 siRNA. Leukemia. 2007; 21(10):2164–2170. [PubMed: 17690705]

116. Gao L, Xue SA, Hasserjian R, Cotter F, Kaeda J, Goldman JM, Dazzi F, Stauss HJ. Human
cytotoxic T lymphocytes specific for Wilms' tumor antigen-1 inhibit engraftment of leukemia-
initiating stem cells in non-obese diabetic-severe combined immunodeficient recipients.
Transplantation. 2003; 75(9):1429–1436. [PubMed: 12792492]

O’Reilly et al. Page 21

Semin Immunol. Author manuscript; available in PMC 2014 October 02.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



117. Call KM, Glaser T, Ito CY, Buckler AJ, Pelletier J, Haber DA, et al. Isolation and
characterization of a zinc finger polypeptide gene at the human chromosome 11 Wilms' tumor
locus. Cell. 1990; 60:509–520. [PubMed: 2154335]

118. Yang L, Han Y, Suarez Saiz F, Minden MD. A tumor suppressor and oncogene: the WT1 story.
Leukemia. 2007; 21:868–876. [PubMed: 17361230]

119. Haber DA, Sohn RL, Buckler AJ, Pelletier J, Call KM, Housman DE. Alternative splicing and
genomic structure of the Wilms tumor gene WT1. Proc Natl Acad Sci U S A. 1991; 88:9618–
9622. [PubMed: 1658787]

120. Wang ZY, Qiu QQ, Huang J, Gurrieri M, Deuel TF. Products of alternatively spliced transcripts
of the Wilms' tumor suppressor gene, wt1, have altered DNA binding specificity and regulate
transcription in different ways. Oncogene. 1995; 10:415–422. [PubMed: 7845666]

121. Hewitt SM, Fraizer GC, Wu YJ, Rauscher FJ 3rd, Saunders GF. Differential function of Wilms'
tumor gene WT1 splice isoforms in transcriptional regulation. J Biol Chem. 1996; 271:8588–
8592. [PubMed: 8621487]

122. Hossain A, Nixon M, Kuo MT, Saunders GF. N-terminally truncated WT1 protein with
oncogenic properties overexpressed in leukemia. J Biol Chem. 2006; 281:28122–28130.
[PubMed: 16698800]

123. Rauscher FJ 3rd. The WT1 Wilms tumor gene product: a developmentally regulated transcription
factor in the kidney that functions as a tumor suppressor. FASEB J. 1993; 7:896–903. [PubMed:
8393820]

124. Buckler AJ, Pelletier J, Haber DA, Glaser T, Housman DE. Isolation, characterization, and
expression of the murine Wilms' tumor gene (WT1) during kidney development. Mol Cell Biol.
1991; 11:1707–1712. [PubMed: 1671709]

125. Maurer U, Brieger J, Weidmann E, Mitrou PS, Hoelzer D, Bergmann L. The Wilms' tumor gene
is expressed in a subset of CD34+ progenitors and downregulated early in the course of
differentiation in vitro. Exp Hematol. 1997; 25:945–950. [PubMed: 9257807]

126. Ellisen LW, Carlesso N, Cheng T, Scadden DT, Haber DA. The Wilms tumor suppressor WT1
directs stage-specific quiescence and differentiation of human hematopoietic progenitor cells.
EMBO J. 2001; 20:1897–1909. [PubMed: 11296223]

127. Miwa H, Beran M, Saunders GF. Expression of the Wilms' tumor gene (WT1) in human
leukemias. Leukemia. 1992; 6:405–409. [PubMed: 1317488]

128. Dupont J, Wang X, Marshall DS, Leitao M, Hedvat CV, Hummer A, et al. Wilms Tumor Gene
(WT1) and p53 expression in endometrial carcinomas: a study of 130 cases using a tissue
microarray. Gynecol Oncol. 2004; 94:449–455. [PubMed: 15297187]

129. Park S, Schalling M, Bernard A, Maheswaran S, Shipley GC, Roberts D, et al. The Wilms tumour
gene WT1 is expressed in murine mesoderm-derived tissues and mutated in a human
mesothelioma. Nat Genet. 1993; 4:415–420. [PubMed: 8401592]

130. Barnoud R, Sabourin JC, Pasquier D, Ranchere D, Bailly C, Terrier-Lacombe MJ, et al.
Immunohistochemical expression of WT1 by desmoplastic small round cell tumor: a comparative
study with other small round cell tumors. Am J Surg Pathol. 2000; 24:830–836. [PubMed:
10843285]

131. Gerald WL, Gramling TS, Sens DA, Garvin AJ. Expression of the 11p13 Wilms' tumor gene,
WT1, correlates with histologic category of Wilms' tumor. Am J Pathol. 1992; 140:1031–1037.
[PubMed: 1316081]

132. Miyoshi Y, Ando A, Egawa C, Taguchi T, Tamaki Y, Tamaki H, et al. High expression of Wilms'
tumor suppressor gene predicts poor prognosis in breast cancer patients. Clin Cancer Res. 2002;
8:1167–1171. [PubMed: 12006533]

133. Oji Y, Miyoshi S, Maeda H, Hayashi S, Tamaki H, Nakatsuka S, et al. Overexpression of the
Wilms' tumor gene WT1 in de novo lung cancers. Int J Cancer. 2002; 100:297–303. [PubMed:
12115544]

134. Campbell CE, Kuriyan NP, Rackley RR, Caulfield MJ, Tubbs R, Finke J, et al. Constitutive
expression of the Wilms tumor suppressor gene (WT1) in renal cell carcinoma. Int J Cancer.
1998; 78:182–188. [PubMed: 9754650]

O’Reilly et al. Page 22

Semin Immunol. Author manuscript; available in PMC 2014 October 02.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



135. 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 outcome. Blood. 1997; 90:1217–1225. [PubMed: 9242555]

136. Cilloni D, Gottardi E, Messa F, Fava M, Scaravaglio P, Bertini M, et al. Significant correlation
between the degree of WT1 expression and the International Prognostic Scoring System Score in
patients with myelodysplastic syndromes. J Clin Oncol. 2003; 21:1988–1995. [PubMed:
12743153]

137. Inoue K, Tamaki H, Ogawa H, Oka Y, Soma T, Tatekawa T, et al. Wilms' tumor gene (WT1)
competes with differentiation-inducing signal in hematopoietic progenitor cells. Blood. 1998;
91:2969–2976. [PubMed: 9531608]

138. 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; 13:393–399. [PubMed: 10086730]

139. Ogawa H, Tamaki H, Ikegame K, Soma T, Kawakami M, Tsuboi A, et al. The usefulness of
monitoring WT1 gene transcripts for the prediction and management of relapse following
allogeneic stem cell transplantation in acute type leukemia. Blood. 2003; 101:1698–1704.
[PubMed: 12406915]

140. Lapillonne H, Renneville A, Auvrignon A, Flamant C, Blaise A, Perot C, et al. High WT1
expression after induction therapy predicts high risk of relapse and death in pediatric acute
myeloid leukemia. J Clin Oncol. 2006; 24:1507–1515. [PubMed: 16575000]

141. Keilholz U, Letsch A, Busse A, Asemissen AM, Bauer S, Blau IW, et al. A clinical and
immunologic phase 2 trial of Wilms tumor gene product 1 (WT1) peptide vaccination in patients
with AML and MDS. Blood. 2009; 113:6541–6548. [PubMed: 19389880]

142. Yamagami T, Sugiyama H, Inoue K, Ogawa H, Tatekawa T, Hirata M, et al. Growth inhibition of
human leukemic cells by WT1 (Wilms tumor gene) antisense oligodeoxynucleotides:
implications for the involvement of WT1 in leukemogenesis. Blood. 1996; 87:2878–2884.
[PubMed: 8639907]

143. 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; 106:3062–
3067. [PubMed: 16020516]

144. Ohminami H, Yasukawa M, Fujita S. HLA class I-restricted lysis of leukemia cells by a CD8(+)
cytotoxic T-lymphocyte clone specific for WT1 peptide. Blood. 2000; 95:286–293. [PubMed:
10607714]

145. 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; 51:99–107. [PubMed: 10663572]

146. Gao L, Bellantuono I, Elsasser A, Marley SB, Gordon MY, Goldman JM, et al. Selective
elimination of leukemic CD34(+) progenitor cells by cytotoxic T lymphocytes specific for WT1.
Blood. 2000; 95:2198–2203. [PubMed: 10733485]

147. Doubrovina ES, Doubrovin MM, Lee S, Shieh JH, Heller G, Pamer E, et al. In vitro stimulation
with WT1 peptide-loaded Epstein-Barr virus-positive B cells elicits high frequencies of WT1
peptide-specific T cells with in vitro and in vivo tumoricidal activity. Clin Cancer Res. 2004;
10:7207–7219. [PubMed: 15534094]

148. Scheibenbogen C, Letsch A, Thiel E, Schmittel A, Mailaender V, Baerwolf S, et al. CD8 T-cell
responses to Wilms tumor gene product WT1 and proteinase 3 in patients with acute myeloid
leukemia. Blood. 2002; 100:2132–2137. [PubMed: 12200377]

149. 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; 51:99–107. [PubMed: 10663572]

150. Rezvani K, Yong AS, Mielke S, Savani BN, Musse L, Superata J, et al. Leukemia-associated
antigen-specific T-cell responses following combined PR1 and WT1 peptide vaccination in
patients with myeloid malignancies. Blood. 2008; 111:236–242. [PubMed: 17875804]

O’Reilly et al. Page 23

Semin Immunol. Author manuscript; available in PMC 2014 October 02.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



151. Keilholz U, Letsch A, Busse A, Asemissen AM, Bauer S, Blau IW, et al. A clinical and
immunologic phase 2 trial of Wilms tumor gene product 1 (WT1) peptide vaccination in patients
with AML and MDS. Blood. 2009; 113:6541–6548. [PubMed: 19389880]

152. Maslak PG, Krug L, Chanel S, Dao T, James L, Tyson K, et al. Pilot study of Wilms Tumor
protein (WT1) heteroclitic peptide vaccine in patients with myeloid and thoracic neoplasms.
Blood. 2007; 110(Suppl.1):179a.

153. May RJ, Dao T, Pinilla-Ibarz J, Korontsvit T, Zakhaleva V, Zhang RH, et al. Peptide Epitopes
from the Wilms' Tumor 1 Oncoprotein Stimulate CD4+ and CD8+ T Cells That Recognize and
Kill Human Malignant Mesothelioma Tumor Cells. Clinical Cancer Research. 2007; 13:4547–
4555. [PubMed: 17671141]

154. Makita M, Hiraki A, Azuma T, Tsuboi A, Oka Y, Sugiyama H, et al. Antilung cancer effect of
WT1-specific cytotoxic T lymphocytes. Clin Cancer Res. 2002 Aug; 8(8):2626–2631. [PubMed:
12171894]

155. Xue SA, Gao L, Thomas S, Hart DP, Xue JZ, Gillmore R, et al. Development of a WT1-TCR for
clinical trials: engineered patient T cells can eliminate autologous leukemia blasts in NOD/SCID
mice. Haematologica. 2009

156. Doubrovina E, Doubrovin M, Kanaeva E, O’Reilly R. In vivo eradication of Human clonogenic
acute lymphoblastic leukemic cells expressing the Wilms’ tumor protein, WT-1, by HLA
restricted WT-1 specific T cells in NOD/SCID mice monitored by bioluminescence imaging.
Blood. 2007; 110(Suppl 1):179a.

157. Doubrovina E, Kanaeva E, O’Reilly RJ. Leukemia reactive cytotoxic CD8+ and CD4+ T-cells
specific for novel WT1 epitopes are generated in vitro by sensitization with overlapping
pentadecapeptides (15-mers) spanning the Wilms’ tumor protein. Blood. 2007; 110(Suppl 1):
536a. [PubMed: 17363729]

158. Morgan RA, Dudley ME, Wunderlich JR, Hughes MS, Yang JC, Sherry RM, et al. Cancer
regression in patients after transfer of genetically engineered lymphocytes. Science. 2006;
314:126–129. [PubMed: 16946036]

159. 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. 2007; 109:2331–2338.
[PubMed: 17082316]

160. Dudley ME, Wunderlich JR, Yang JC, Hwu P, Schwartzentruber DJ, Topalian SL, et al. A phase
I study of nonmyeloablative chemotherapy and adoptive transfer of autologous tumor antigen-
specific T lymphocytes in patients with metastatic melanoma. J Immunother. 2002; 25:243–251.
[PubMed: 12000866]

161. Yee C, Thompson JA, Byrd D, Riddell SR, Roche P, Celis E, et al. Adoptive T cell therapy using
antigen-specific CD8+ T cell clones for the treatment of patients with metastatic melanoma: in
vivo persistence, migration, and antitumor effect of transferred T cells. Proc Natl Acad Sci U S
A. 2002; 99:16168–16173. [PubMed: 12427970]

162. Dudley ME, Wunderlich JR, Robbins PF, Yang JC, Hwu P, Schwartzentruber DJ, et al. Cancer
regression and autoimmunity in patients after clonal repopulation with antitumor lymphocytes.
Science. 2002; 298:850–854. [PubMed: 12242449]

163. Brode S, Cooke A. Immune-potentiating effects of the chemotherapeutic drug cyclophosphamide.
N Engl J Med. Crit Rev Immunol. 2008; 28(2):109–126.

164. Yuan J, Gnjatic S, Li H, Powel S, Gallardo HF, Ritter E, et al. CTLA-4 blockade enhances
polyfunctional NY-ESO-1 specific T cell responses in metastatic melanoma patients with clinical
benefit. Proc Natl Acad Sci U S A. 2008; 105(51):20410–20415. [PubMed: 19074257]

165. Fourcade J, Kudela P, Sun Z, Shen H, Land SR, Lenzner D, et al. PD-1 is a regulator of NY-
ESO-1-specific CD8+ T cell expansion in melanoma patients. J Immunol. 2009; 182(9):5240–
5249. [PubMed: 19380770]

166. Hunder NN, Wallen H, Cao J, Hendricks DW, Reilly JZ, Rodmyre R, et al. Treatment of
Metastatic Melanoma with Autologous CD4+ T Cells against NY-ESO-1. N Engl J Med. 2008;
358:2698–2703. [PubMed: 18565862]

O’Reilly et al. Page 24

Semin Immunol. Author manuscript; available in PMC 2014 October 02.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



167. Berger C, Jensen MC, Lansdorp PM, Gough M, Elliott C, Riddell SR. Adoptive transfer of
effector CD8+ T cells derived from central memory cells establishes persistent T cell memory in
primates. J Clin Invest. 2008; 118:294–305. [PubMed: 18060041]

168. Becker TC, Wherry EJ, Boone D, Murali-Krishna K, Antia R, Ma A, et al. Interleukin 15 is
required for proliferative renewal of virus-specific memory CD8 T cells. J Exp Med. 2002;
195:1541–1548. [PubMed: 12070282]

169. Hasan A, Selvakumar A, Dupont B, Sadelain M, Riviere I, O'Reilly RJ. IL-15 Augments in-Vitro
Expansion and Functional Activity of Antigen-Specific Effector Memory T-Cells (TEM) While
Co-Expression of IL-15 and IL-15 R{alpha} on Antigen Presenting Cells Also Promotes
Expansion of Central Memory T-Cells (TCM). ASH Annual Meeting Abstracts. 2008; 112:3541.

170. Berger C, Berger M, Hackman RC, Gough M, Elliott C, Jensen MC, et al. Safety and
immunologic effects of IL-15 administration in nonhuman primates. Blood. 2009; 114:2417–
2426. [PubMed: 19605850]

171. Ahmadzadeh M, Rosenberg SA. IL-2 administration increases CD4+ CD25(hi) Foxp3+
regulatory T cells in cancer patients. Blood. 2006; 107:2409–2414. [PubMed: 16304057]

172. Melchionda F, Fry TJ, Milliron MJ, McKirdy MA, Tagaya Y, Mackall CL. Adjuvant IL-7 or
IL-15 overcomes immunodominance and improves survival of the CD8+ memory cell pool. J
Clin Invest. 2005; 115:1177–1187. [PubMed: 15841203]

173. Schmitt TM, Ragnarsson GB, Greenberg PD. T Cell Receptor Gene Therapy for Cancer. Hum
Gene Ther. 2009

174. Heemskerk MH, Hoogeboom M, Hagedoorn R, Kester MG, Willemze R, Falkenburg JH.
Reprogramming of virus-specific T cells into leukemia-reactive T cells using T cell receptor gene
transfer. J Exp Med. 2004; 199:885–894. [PubMed: 15051765]

175. van Loenen MM, Hagedoorn RS, Kester MG, Hoogeboom M, Willemze R, Falkenberg JF, et al.
Kinetic preservation of dual specificity of coprogrammed minor histocompatibility antigen-
reactive virus-specific T cells. Cancer Res. 2009; 69(5):2034–2041. [PubMed: 19223543]

176. Pule MA, Savoldo B, Myers GD, Rossig C, Russell HV, Dotti G, et al. Virus-specific T cells
engineered to coexpress tumor-specific receptors: persistence and antitumor activity in
individuals with neuroblastoma. Appl Environ Microbiol. 2009; 75(5):1264–1270. [PubMed:
19124591]

177. Kobayashi H, Nagato T, Aoki N, Sato K, Kimura S, Tateno M, Celis E. Defining MHC class II T
helper epitopes for WT1 tumor antigen. Cancer Immunol Immunother. 2006 Jul; 55(7):850–860.
[PubMed: 16220325]

178. Fujiki F, Oka Y, Tsuboi A, Kawakami M, Kawakatsu M, Nakajima H, et al. Identification and
characterization of a WT1 (Wilms Tumor Gene) protein-derived HLA-DRB1*0405-restricted
16-mer helper peptide that promotes the induction and activation of WT1-specific cytotoxic T
lymphocytes. J Immunother. 2007 Apr; 30(3):282–293. [PubMed: 17414319]

179. Müller L, Knights A, Pawelec G. Synthetic peptides derived from the Wilms' tumor 1 protein
sensitize human T lymphocytes to recognize chronic myelogenous leukemia cells. Hematol J.
2003; 4(1):57–66. [PubMed: 12692522]

180. Knights A, Zaniou A, Rees R, Pawlec G, Muller L. Prediction of an HLA-DR-binding peptide
derived from Wilms’ tumor 1 protein and demonstration of in vitro immunogenicity of
WT1(124–138)-pulsed dendritic cells generated according to an optimized protocol. Cancer
Immunol Immunother. 2002; 51:271–281. [PubMed: 12070714]

181. Koesters R, Linnebacher M, Coy J, Germann A, Schwitalle Y, Findeisen P, Doeberitz M. WT1 is
a tumor-associated antigen in colon cancer that can be recognized by in vitro stimulated cytotoxic
T cells. Int J Cancer. 2004; 109:385–392. [PubMed: 14961577]

182. Bellantuono I, Gao L, Parry S, Marley S, Dazzi F, Apperley J, Goldman JM, Stauss HJ. Two
distinct HLA-A0201-presented epitopes of the Wilms tumor antigen 1 can function as targets for
leukemia-reactive CTL. Blood. 2002 Nov 15; 100(10):3835–3837. [PubMed: 12411326]

183. Rezvani K, Brenchley JM, Price DA, Kilical Y, Gostick E, Sewell AK, Li J, Mielke S, Douek
DC, Barrett AJ. T-cell responses directed against multiple HLA-A*0201-restricted epitopes
derived from Wilms' tumor 1 protein in patients with leukemia and healthy donors: identification,

O’Reilly et al. Page 25

Semin Immunol. Author manuscript; available in PMC 2014 October 02.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



quantification, and characterization. Clin Cancer Res. 2005; 11(24 Pt 1):8799–8807. [PubMed:
16361568]

184. Gui Y, Niliya H, Azuma T, Uchida N, Yakushijin Y, Sakaii I, Takaaki H, Takahashi M, Senju S,
Nishimura Y, Yasukawa M. Direct recognition and lysis of leukemia cells by WT1-specific
CD4+ T lymphocytes in an HLA class II-restricted manner. Blood. 2005 Aug 15; 106(4):1415–
1418. [PubMed: 15845894]

185. Oka Y, Udaka K, Tsuboi A, Elisseeva OA, Ogawa H, Aozasa K, Kishimoto T, Sugiyama H.
Cancer immunotherapy targeting Wilms’ tumor gene WT1 product. I Immunol. 2000 Feb 15;
164(4):1873–1880.

186. Asemissen AM, Keilholz U, Tenzer S, Muller M, Walter S, Stevanovic S, Schild H, Letsch A,
Thiel E, Rammensee H-G, Scheibenbogen C. Identification of a highly immunogenic HLA-A01-
binding T cell epitope of WT1. Clin Cancer Res. 2006 Dec 15; 12(24):7476–7482. [PubMed:
17189421]

187. Wolfl M, Kuball J, Ho WY, Nguyen H, Manley TJ, Bleakley M, Greenberg PD. Activation-
induced expression of CD137 permits detection, isolation, and expansion of the full repertoire of
CD8+ T cells responding to antigen without requiring knowledge of epitope specificities. Blood.
2007; 110(1):201–210. [PubMed: 17371945]

188. Pinilla-Ibarz J, May RJ, Korontsvit T, Gomez M, Kappel B, Zakhaleva V, Zhang RH, Scheinberg
DA. Improved human T-cell responses against synthetic HLA-0201 analog peptides derived from
the WT1 oncoprotein. Leukemia. 2006 Nov; 20(11):2025–2033. [PubMed: 16990779]

189. Rezvani K, Mielke S, Kilical Y, Grube M, Fujiwara H, Sconocchia G, et al. Identification of
Novel MHC Class I and Class II Epitopes of WT1 Using a Peptide Library Screen. ASH Annual
Meeting Abstracts. 2005; 106:2764.

190. Azuma T, Makita M, Ninomiya K, Fujita S, Harada M, Yasukawa M. Identification of a novel
WT1-derived peptide which induces human leucocyte antigen-A24-restricted anti-leukaemia
cytotoxic T lymphocytes. Br J Haematol. 2002 Mar; 116(3):601–603. [PubMed: 11849218]

191. Smithgall M, Misher L, Spies G, Cheever M, Gaiger A. Identification of a novel WT1 HLA
A*0201-Restricted CTL epitope using whole gene in vitro priming. Blood. 2001; 98:121a.

O’Reilly et al. Page 26

Semin Immunol. Author manuscript; available in PMC 2014 October 02.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 1.
The structure of the WT-1 gene and the WT-1 protein, with mapping of reported peptide

epitopes presented by class I or II HLA alleles. The figure also defines domains within the

WT-1 protein that may be altered in their function in different isoforms of WT-1 created by

splicing within exons 1, 5 or 9.
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