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T-Cell Therapy of Leukemia

Stanley R. Riddell, MD, Makoto Murata, MD, Sophia Bryant, MD, PhD, and
Edus H.Warren, PhD, MD

Background: The demonstration that immune-mediated elimination of leukemia contributes to the success
of allogeneic hematopoietic stem cell transplantation (HSCT) has renewed interest in the development of
immune-based therapies that might be used to augment the antileukemic effect of HSCT or in patients who are
not receiving HSCT.

Methods: The authors reviewed studies that have analyzed the mechanisms that may be operative in T-cell
recognition of leukemia after allogeneic HSCT, identified candidate target antigens for immunotherapy of
leukemia in transplant and nontransplant patients, and evaluated expression of candidate antigens on
leukemic progenitors.

Results: A large number of potential targets for T-cell therapy or vaccination have now been identified in
human leukemia. Studies to evaluate novel immune-based therapies are now being initiated.

Conclusions: The rapid pace of progress in cellular and molecular immunology has identified new
opportunities for developing T-cell therapy or vaccination for leukemia. Obstacles must be addressed before
these approaches can be applied broadly, but the promising results of preclinical studies suggest continued
efforts in this area will result in the establishment of immunotherapy as a useful modality in clinical practice.

Introduction

Experiments in animal models have demonstrated
the potential of immune-based approaches for cancer
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therapy. Antibody and cytokine therapy have already
been successfully developed and incorporated into
standard treatment regimens for some human malig-
nancies. The development of cellular immunotherapy
with effector cells of defined specificity and function
has proven more challenging, but the rationale for pur-
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suing this approach is supported by the results in ani-
mal models as well as by clinical observations.

In murine models, the adoptive transfer of CD8+ or
CDA4+T cells specific for tumor associated or minor his-
tocompatibility antigens (mHAgs) expressed by
leukemic cells provides a potent antileukemic effect
and converts the incomplete responses achieved with
chemotherapy into cure.*® There is compelling evi-
dence, much of which is derived from the results of
allogeneic hematopoietic stem cell transplantation
(HSCT), that human leukemias can also be recognized
and eliminated by T cells. The immunologically mediat-
ed graft-vs-leukemia (GVL) effect that was predicted by
animal model studies of allogeneic HSCT has been doc-
umented in clinical trials. Patients who receive an allo-
geneic transplant for advanced leukemia have a lower
probability of leukemic relapse if they develop acute
and/or chronic graft-vs-host disease (GVHD) as a com-
plication of the transplant.#> The risk of leukemic
relapse is increased after syngeneic HSCT or T-cell-
depleted allogeneic HSCT, suggesting a critical role for
donorT cells specific for allogeneic determinants in ini-
tiating or mediating the GVL effect. Although the GVL
effect is most prominent in patients with GVHD, a
reduction in relapse is also evident in patients without
GVHD, thus demonstrating that clinical GVHD is not a
prerequisite for GVL activity.5 The type of leukemia is
also a factor in the GVL effect associated with allo-
geneic HSCT. The reduction in relapse attributed to
donor T cells is greatest for chronic myeloid leukemia
(CML), intermediate for acute myeloid leukemia (AML),
and lowest for acute lymphoblastic leukemia (ALL).
The importance of the GVL effect to a successful out-
come after allogeneic HSCT is well established, but
relapse and GVHD remain significant obstacles, espe-
cially for patients with advanced acute leukemia.
Approaches to augment the GVL effect without GVHD
would be a welcome therapeutic development.

Donor Lymphocyte Infusions After
Allogeneic HSCT

The first efforts to augment the GVL effect of allo-
geneic HSCT to prevent or treat relapse of leukemia did
not attempt to separate GVHD from the GVL effect and
revealed the difficulties in manipulating immunologic
responses with an incomplete understanding of the
mechanisms and target antigens involved. The observa-
tion that donor T cells were required for the GVL effect
suggested that simply infusing additional T cells after
transplant might achieve a stronger antileukemic
effect. Thus, donor T lymphocytes that were not select-
ed for preferential recognition of recipient leukemic
cells were administered in the first 11 days after
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unmodified HSCT to patients at high risk for posttrans-
plant relapse. Unfortunately, this approach resulted in
a dramatic increase in severe acute GVHD and in early
mortality.” However, the administration of donor lym-
phocytes later after allogeneic HSCT, when the inflam-
mation and tissue injury caused by the conditioning
regimen had subsided, provided more encouraging
results, particularly for patients with CML. A durable
complete remission was achieved in 50% to 80% of
patients who had relapsed with chronic-phase CML
after allogeneic HSCT and then received immunothera-
py with unselected donor lymphocytes.8*® GVHD was
less severe than that observed with the early adminis-
tration of donor T cells but still occurred in 50%-60% of
patients and contributed to mortality in approximately
20% of patients.’® Several approaches have been devel-
oped to reduce GVHD after donor lymphotype infusion
(DLI) including the infusion of graded doses of T cells,
the introduction of inducible suicide genes into trans-
ferred T cells, and the administration of selected T-cell
subsets. In small studies, these approaches reduced the
incidence and/or severity of GVHD and may be benefi-
cial for patients with CML.113

DLIs have been less effective for patients with
relapse of AML, with response rates of <20%. They are
rarely successful for patients with relapse of ALL after
allogeneic HSCT.% It is unclear if the reduced efficacy
of DLIs for AML and ALL is related to a lack of antigen
expression on tumor cells, alterations in adhesion or
other molecules that contribute to T-cell recognition, or
the difficulty overcoming an expanding tumor burden
with immunotherapy.

The results with unselected DLIs clearly showed
that immunotherapy could cure leukemia but have also
identified challenges for future research. First, GVHD
remains a major obstacle, and strategies that would aug-
ment the beneficial GVL effect without causing GVHD
are needed. Second, the therapy is less effective for
acute leukemia, and novel strategies to induce a more
potent antileukemic effect are required for these
patients. Third, cellular therapy with donor lympho-
cytes is applicable only to patients who receive an allo-
geneic HSCT. Immunotherapy based on isolation of
autologous T cells that recognize leukemia would have
broader application.

Effector Mechanisms in the
GVL Response

The observations that leukemic cells can be eradi-
cated by immunologic responses elicited after allo-
grafting or DLIs has led to efforts to identify the effec-
tor mechanisms that are responsible. Natural killer
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Classes of Target Antigens for T-cell Therapy of Leukemia

Minor histocompatibility antigens in allogeneic HSCT recipients
Examples: HA-1, HA-2, HB-1, UTY

Leukemia-specific proteins
Examples: bcr/abl, PML/RARa, EMV/AML-1

Leukemia-associated proteins
Examples: proteinase-3, WT-1, h-TERT, hdm-2

(NK) cells, which are regulated by the interplay of acti-
vating and inhibitory receptor/ligand interactions,* as
well as antigen-specific T cells have antitumor activity
against leukemia in animal models. Clinical studies of
recipients of T-cell-depleted haploidentical HSCT have
suggested NK cells provide an important contribution
to eradicating leukemia. In donor/recipient pairs
where there is a mismatch between the killer inhibito-
ry receptors expressed by donor NK cells and the class
I major histocompatibility complex (MHC) ligands
expressed by the recipient, the relapse rate is marked-
ly reduced.’> It is hoped that as the receptor ligand
interactions involved in regulating NK cells are further
elucidated, opportunities for using NK cells or NK cell
subsets for leukemia therapy after HLA-identical HSCT
or in the nontransplant setting will be identified.
However, most of the investigation into cellular
immunotherapy of leukemia has been concentrated on
identifying T-cell responses to candidate proteins
expressed in leukemic cells. Thus, the remainder of
this review will focus on current efforts to identify
antigen-specific T cells that might have utility for
leukemia therapy after allogeneic HSCT and in the
nontransplant setting.

Two subsets of mature T cells express the off T-cell
receptor. CD3+ CD8+ cytotoxic T cells recognize
short peptides of 8-11 amino acids derived from intra-
cellular proteins and displayed on the surface of cells
associated with class | MHC molecules. CD3+ CD4+
helper T cells recognize peptides derived from intra-
cellular proteins or proteins that have been taken up
by endocytosis and presented at the cell surface by
class I MHC molecules. Both subsets of T cells have
antileukemic activity in animal models. However,
because of the ability of CD8+ T cells to directly lyse
their target cells, much of the effort in identifying
leukemia-reactive T cells has focused on this subset.
Several classes of proteins expressed by leukemic cells
have been identified to provide peptide epitopes that
are recognized by CD8+ or CD4+ T cells. These
include mHAgs that are relevant as targets after allo-
geneic HSCT, and leukemia-specific or leukemia-associ-
ated proteins that may be targets in both transplant
and nontransplant settings (Table).
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mHAgs: Targets for GVL Responses
After Allogeneic HSCT

The potency of the GVL effect in allogeneic HLA-
identical HSCT recipients compared with syngeneic
recipients emphasizes the critical importance of dis-
parity at mHAg loci for immune-mediated eradication
of leukemia. mHAgs are peptides that are recognized
by donor T cells and are derived from proteins that dif-
fer between the donor and recipient due to polymor-
phism in the genome. The polymorphisms that give
rise to mHAgs may affect gene expression or encode
changes in amino acid sequence that result in altered
binding of the peptides to MHC, contact between the
MHC/peptide complex and the T-cell receptor, or dif-
ferential processing of the protein.® Thus, even though
HLA-matched siblings express identical MHC molecules
on the surface of their cells, the repertoire of peptides
displayed in the peptide-binding groove of these mole-
cules may differ substantially due to genetic differences
outside the MHC.

Isolation of mHAg-Specific T Cells

T-cell responses to mHAgs are responsible for both
GVL activity and GVHD. Thus, a critical issue is how tar-
geting mHAgs might be used to separate GVL from
GVHD. One possibility, which is supported by in vitro
data, is to augment T-cell responses specific for mHAgs
that are expressed on hematopoietic cells, including
leukemic cells, but have limited or absent expression
on nonhematopoietic cells that are recognized in
GVHD (Fig 1). Cell culture techniques for isolating and
characterizing donor T-cell responses to recipient
mHAgs after allogeneic HSCT have been developed and
have assisted in defining the tissue expression of
mHAgs and providing the reagents for gene identifica-
tion. These methods usually rely on stimulating donor
T cells obtained from the recipient after HSCT with
gamma-irradiated pretransplant recipient peripheral
blood mononuclear cells as antigen presenting cells.
With this approach, mHAg-specific CD8+ T-cell clones
can be isolated from the majority of HLA-identical
HSCT recipients, and a reasonable fraction of the T-cell
clones have been found to lyse recipient hematopoiet-
ic cells but not nonhematopoietic cells.'”8 The obser-
vation that the expression of some mHAgs was tissue-
restricted was not surprising since hematopoietic and
nonhematopoietic tissues express distinct genetic pro-
grams, and support the feasibility of targeting mHAgs to
augment GVL responses without exacerbating GVHD.

Several groups are now actively engaged in isolat-
ing and characterizing T cells specific for human
mHAgs from allogeneic HSCT recipients. The results of
published studies suggest that there will be a large
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number of mHAgs in the human population. Goulmy et
al® have described CD8+ T-cell clones specific for
seven mHAgs encoded by autosomes (HA-1 to HA-7)
and three H-Y antigens encoded by Y chromosome
genes. Our group has defined 38 novel mHAgs recog-
nized by CD8+ T cells based on differences in the class
I HLA-restricting allele or the pattern of recognition of
cells from unrelated individuals sharing the HLA-
restricting allele.'® This likely represents only a small
fraction of the overall number of mHAgs in the human
population that could be targets for GVL and GVHD
after allogeneic HSCT. For leukemia therapy, however,
it is not essential that all mHAgs be identified. The poly-
morphic genes that encode mHAgs are distributed in
the population, and the identification of a relatively
small number of mHAgs that are presented by common
HLA alleles and are involved in GVL responses could
provide therapeutic opportunities in a majority of
patients.

Identification of Genes That Encode
Minor H Antigens

The identification of the genes that encode mHAgs
is helpful for defining the tissue expression of the anti-
gen and essential to elucidate the molecular basis for
antigenicity. There are established methods for identi-
fying genes encoding mHAgs recognized by CD8+ T
cells, and strategies for identifying mHAgs recognized
by CD4+ T cells have recently been developed.?®2
Three methods are being applied to the discovery of
genes encoding human mHAgs recognized by CD8+ T
cells. These include peptide elution and mass spec-
trometry,?0:2427 ¢cDNA expression cloning,?®?° and

genetic linkage analysis.??> Investigators have eluted
peptides from class | MHC molecules, separated frac-
tions that reconstitute T-cell recognition, and
sequenced the active peptides by mass spectrome-
try.2#2" Their studies have identified the amino acid
sequence for five mHAgs.1%2427 A search of DNA and
protein databases revealed that Y chromosome genes
SCMCY and DFFRY encoded three of these mHAgs.
SMCY and DFFRY are broadly expressed in both
hematopoietic and nonhematopoietic tissues, suggest-
ing that T-cell responses to these antigens may mediate
GVHD in addition to GVL activity. In a subsequent
study, the development of T-cell responses to the SMCY
peptide presented by HLA-A2 was associated with the
development of acute GVHD after HSCT from female
donors to male recipients.

An HLA-A2-restricted mHAg termed HA-1 was
found to be encoded by an autosomal gene
(KIAA0223), and another termed HA-2 had homology
to a sequence in the class Il myosin gene.??> Both of
these mHAgs are selectively expressed in hematopoiet-
ic cells and have been proposed as targets for a GVL
response without GVHD. Genotyping of HSCT donors
and recipients at the HA-1 locus has been performed in
an effort to determine if incompatibility at HA-1 influ-
ences the outcome of HSCT. HA-1 incompatibility was
associated with a lower rate of leukemic relapse in one
small study supporting its potential use as a target to
augment the GVL effect, but other studies have linked
HA-1 incompatibility with GVHD.33! This was not
expected since HA-1 is expressed only in recipient
hematopoietic cells. However, HA-1 is highly expressed
in dendritic cells, which have been shown in murine

models to be critical for the

Recipient Cells

induction of GVHD.?2 Thus, it
is conceivable that local

Epithelial

Hematopoietic

Donor CTL Specific For
mHAg © (GVHD)

Donor CTL Specific For
mHAg © (GVL)

inflammation initiated by T
cells responding to HA-1
expressed by recipient den-
dritic cells in tissues might
lead to recruitment of T cells
responding to other mHAgs
expressed on epithelial cells,
analogous to the epitope
spreading that is observed in
autoimmune diseases.

Leukemic

In collaboration with
investigators at the Universi-
ty of Virginia, we have also
used peptide elution to dis-

Fig 1. — Tissue-specific recognition of mHAgs may permit separation of GVL and GVHD. Donor T cells specific
for mHAgs that are broadly expressed by both hematopoietic and nonhematopoietic cells have been implicated in
GVHD. Donor T cells specific for mHAgs that are expressed preferentially or selectively in recipient hematopoi-
etic cells including leukemia progenitors may be targets for a GVL response without GVHD.
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cover an HLA-A2-restricted
minor H antigen termed HA-
8, which is encoded by the
KIAA0020 gene.® KIAA0020
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is broadly expressed in both hematopoietic and non-
hematopoietic cells and the CD8+ T-cell clone specific
for HA-8 was isolated from a patient with GVHD. The
critical polymorphism in the HA-8 epitope is a proline
(°) to arginine (?) substitution at position 1 of the pep-
tide, which facilitates transport of the HA-8 peptide into
the endoplasmic reticulum where it binds HLA-A2. Pre-
liminary studies examining 577 HLA-A2+ allogeneic
hematopoietic cell transplant (HCT) recipients demon-
strated that those who express the HA-8R allele and have
HA-8" donors have an increased risk of acute GVHD (Y.
Akatsuka, S. R. Riddell, unpublished data, 2002). The
broad tissue distribution of KIAA0020 and the clinical
association of HA-8 incompatibility with GVHD suggest
HA-8 would not be suitable as a GVL target.

Screening of cDNA libraries prepared from mHAg-
positive cells has also been used to identify genes
encoding minor H antigens. Dolstra and colleagues®
identified a gene, HB-1, that encodes an mHAg present-
ed by HLA-B44 and expressed only in transformed B
cells including B-cell ALL. The polymorphism in HB-1 is
a single amino acid change at position 8 of the HB-1
peptide. The expression of HB-1 on B-cell ALL but not
in nonhematopoietic cells suggests it may provide a tar-
get for immunotherapy after allogeneic HSCT for ALL in
HLA-B44 positive recipients.

It has previously been shown that male recipients
of allogeneic HSCT from female donors have a lower
risk of leukemia relapse than other donor/recipient
gender combinations. One of the mHAg genes we have
identified by cDNA transfection is the Y chromosome
gene UTY that encodes a peptide presented by HLA-
B8.22 The B8/UTY peptide differs from the UTX homo-

levels in most nonhematopoietic tissues.?® UTY has
additional polymorphisms with UTX and is likely to
encode peptides that bind to other HLA alleles. Thus,
studies are in progress to determine if UTY might serve
as a general target for a GVL response in male recipi-
ents of HSCT from female donors.

A third approach for identifying minor H antigen
genes involves genetic linkage analysis using Epstein
Barr virus transformed B cell lines. These cell lines
were established from the Centre d’Etude Polymor-
phism Humain (CEPH) reference families that have
been extensively mapped for genetic markers. Com-
pletion of the Human Genome Project should increase
the probability that this approach will identify candi-
date genes rather than simply provide a chromosomal
location of the minor H antigen, and it is anticipated
that it will be more extensively used in the future.?

Expression of Minor H Antigens on
Leukemic Cells

An essential criterion for selection of minor H anti-
gens to induce a GVL response is expression of the anti-
gen on leukemic cells. The sensitivity of leukemic cells
to mHAg-specific T cells was initially assessed by the
ability of T cells to lyse Cr5%-labeled leukemic blasts or
to inhibit leukemic colony formation in soft agar.!81°
However, the leukemic cell population is composed of
a hierarchy of cells at distinct stages of differentiation,
and most leukemic cells have a limited capacity for self-
renewal. Thus, it cannot be assumed based on the
results of CFU inhibition and Cr release assays that all
leukemic cells express the mHAg and are sensitive to T-
cell recognition. A putative leukemic stem cell has

logue expressed in

female cells by two

amino acids. CD8+ T Leukemia — -

cells specific for UTY e

were isolated from a
male who received an
allogeneic HCT from a
female donor and did
not develop significant
GVHD. B8/UTY-specific
cytotoxic T lymphocyte
(CTL) lysed hematopoi-
etic cells including
leukemic blasts but did
not lyse nonhematopoi-
etic target cells in vitro.
RNA analysis showed
that UTY is expressed
at high levels in
hematopoietic cells and
at lower, but detectable,
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leukemic hematopoiesis in NOD/SCID mice
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Fig 2. — Evaluating T-cell recognition of leukemia progenitors using NOD/SCID mice. The leukemia cell population con-
sists of a hierarchy of cells with distinct capacity for self-renewal. A putative stem cell is required for engraftment in

irradiated NOD/SCID mice. The ability to

purge the leukemia population of cells capable of establishing leukemic

hematopoiesis by co-culture with antigen-specific T cells can be used to assess recognition of the leukemic stem cell.
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been described for AML and ALL based on analysis of
the phenotypic subsets required for engraftment after
transplantation of human leukemia into immunodefi-
cient mice.?*% The immunodeficient mouse model
(nonobese diabetic/severe combined immunodificient
[NOD/SCID]) of human leukemic hematopoiesis has
been adapted for studies to assess recognition of the
leukemic stem cell by mHAg-specific CTL (Fig 2).
CD8+ CTL specific for five distinct minor H antigens
including the antigen encoded by UTY could specifi-
cally eliminate leukemic engraftment in this model.3®
As additional mHAgs are identified and considered as
potential targets for immunotherapy to induce GVL
activity,the NOD/SCID model may have utility in select-
ing those which are most appropriate to evaluate in a
clinical setting.

Leukemia-Associated Proteins:
Targets for Immunotherapy in
HSCT and Nontransplant Patients

Categories of proteins other than mHAgs are
expressed in leukemic cells and are being evaluated as
potential targets for immunotherapy in settings that
would not require allogeneic HSCT.

Leukemia-Specific Proteins

Leukemia-specific proteins that are expressed as a
consequence of chromosome translocations or muta-
tions in cellular genes represent one category of can-
didate antigens for T-cell immunotherapy. Examples of
this class of proteins include the bcr/abl fusion pro-
tein resulting from the t9,22 translocation in CML, the
PML/RARa fusion protein resulting from the t15,17
translocation in acute promyelocytic leukemia, and
the ETV6-AML1 fusion protein in childhood ALL.373°
These proteins are attractive for immunotherapeutic
approaches because they exhibit selective expression
on tumor cells, which limits the potential for toxicity
to normal tissues, and may contribute to the malignant
phenotype, which makes it less likely the tumor can
evade immune recognition by loss of antigen expres-
sion. However, there are limitations of fusion proteins
as target antigens. The fusion sites may give rise only
to peptides that bind strongly to a few MHC mole-
cules. Moreover, even if peptides derived from
sequences surrounding the fusion site are identified
that bind to MHC, it is essential that these peptides are
generated by proteosomal cleavage, bind to the MHC
molecules in the ER, and be displayed at the surface of
leukemic cells for T-cell recognition.

Studies of the bcr/abl fusion site are the most
advanced and have provided provocative data. CD4+ T
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cells specific for bcr/abl fusion peptides presented by
a variety of class Il MHC alleles including DR4,
DRB1*0901, and DRB5*0101 have been described.3940
Peptides spanning the bcr/abl fusion junction have
been identified that bind to the HLA-A3,-Al1, and -B8
class | molecules.3” These bcr/abl peptides have been
used in vitro to elicit reactive T cells that recognize
peptide-pulsed target cells. What has been less clear
until recently is whether CML cells actually present
bcr/abl peptides at the cell surface. This issue has
now been partially addressed. Peptide mixtures elut-
ed from HLA-A3 molecules at the surface of primary
CML cells were analyzed by mass spectrometry, and a
peptide derived from the bcr/abl junction was identi-
fied, providing direct evidence that leukemic cells can
process and present bcr/abl derived peptides to CD8+
T cells.*! These data provide a rationale for attempt-
ing to establish bcr/abl reactive T-cell responses in
vivo in CML patients either by vaccination or by adop-
tive cell therapy.*?

Leukemia-Associated Normal Proteins

A second category of proteins considered to be
potential targets for immunotherapy are nonmutated
proteins that are overexpressed or preferentially
expressed in leukemic cells compared with normal
cells. The rationale for investigating such proteins as
targets for leukemia-specific T-cell therapy comes large-
ly from studies of solid tumors. In melanoma, normal
proteins including tyrosinase, gpl100, gp75, and
MARTZ1, which are involved in melanocyte differentia-
tion, and cancer-testes antigens including the MAGE
proteins, which have limited expression in normal tis-
sues, have been identified as targets for tumor-specific
T cells. Similarly, in leukemic cells, normal leukemia-
associated proteins that are not mutated have been
shown to contain epitopes recognized by CD8+ T
cells. A few examples of such proteins in leukemia
include proteinase-3, wt-1, hdm2, and human telom-
erase reverse transcriptase (hTERT). In most cases,
these proteins have also been suggested to contribute
to the malignant phenotype.

Proteinase-3,a primary granule enzyme that is pre-
dominantly expressed in normal promyelocytes but is
overexpressed in myeloid leukemia cells, was the first
leukemia-associated protein to be studied in detail as a
target for T cells. The sequence of proteinase-3 was
scanned using MHC peptide-binding algorithms to
identify peptides that were predicted to bind to the
HLA-A2 class | MHC molecule.*® A peptide termed PR-
1 was shown to bind to HLA-A2 with high affinity and
was used to pulse antigen-presenting cells and stimu-
late T cells from HLA-A2+ individuals. CD8+ T cells
were isolated that killed PR-1 peptide-pulsed autolo-
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gous target cells and HLA-A2+ CML and AML cells.
These data indicated that CD8+ T cells reactive with
the PR-1 self-peptide could be elicited from the T-cell
repertoire of HLA-A2+ individuals. These T cells inhib-
ited the production of leukemic colony-forming
units/granulocyte-macrophage (CFU-GM) colonies but
not normal CFU-GM colonies, suggesting recognition
was selective for leukemic cells perhaps because of
higher expression levels of the protein in tumor cells.*?
Recent studies using an HLA-A2/PR-1 peptide tetramer
to directly stain and quantitate PR-1- reactive T cells in
vivo has demonstrated that functional PR-1-reactive T
cells are expanded in CML patients who have respond-
ed to interferon a or allogeneic HSCT.#* This data does
not provide conclusive evidence for antileukemic
activity of PR-1-reactive T cell, but is important for
demonstrating that the presence of large numbers of
PR-1-specific T cells in vivo does not interfere with
normal hematopoiesis. These results have led to the
development and evaluation of peptide-based vaccines
to elicit PR-1-specific T-cell responses in leukemia
patients and are likely to lead to trials of adoptive
immunotherapy with PR-1-specific T cells.

WT-1 is a zinc finger transcription factor that was
initially thought to be a tumor suppressor based on
studies in Wilms’ tumor. However, subsequent studies
showed that WT-1 was overexpressed in many malig-
nancies, and it has been implicated in maintaining the
malignant phenotype. WT-1 is expressed in normal
cells in the kidney, testes, ovary, uterus, and lung, and it
is expressed at low levels in normal CD34+ hematopoi-
etic cells.** High levels of expression of WT-1 are
observed in AML, ALL, and CML, and it has been used
as a molecular marker to detect relapse of leukemia.
Recent studies have suggested WT-1 may be a suitable
target for cellular immunotherapy of leukemia. The
sequence of WT-1 was scanned for peptides that bind to
class | molecules and peptides that bind to HLA-A2 and
-A24 were identified.“¢4” These peptides have been
used to elicit T cells reactive with WT-1 in vitro. WT-1
specific T cells have antileukemic activity in vitro and
eliminate leukemic progenitors in immunodeficient
mice engrafted with human leukemia.*®

Telomerase is a ribonucleoprotein enzyme that is
required to maintain telomere length and plays a role
in cellular replicative life-span. Human telomerase
reverse transcriptase (hTERT) is one component of the
complex and is highly expressed in most tumor cells
including leukemia. Peptides in hTERT that bind to
HLA-A2 and -A24 were used to pulse antigen-presenting
cells and isolate T cell lines and clones that recognize
tumor cells expressing high levels of endogenous
hTERT.#%50 Preliminary studies suggest that hnTERT-spe-
cific CTLs do not recognize normal hematopoietic

120 Cancer Control

cells in vitro, although the more rigorous evaluation of
effects on engraftment in NOD/SCID mice have not
been performed.*®

The human homologue of the mdm-2 oncopro-
tein, hdm-2, is another self-protein in the category of
leukemia-associated proteins that are involved in malig-
nant transformation. Hdm-2 is overexpressed in a vari-
ety of malignhancies and inactivates the p53 tumor sup-
pressor protein. In contrast to proteinase-3, WT-1, and
h-TERT, the use of peptides derived from hdm-2 and
predicted to bind to class | has not been successful in
eliciting hdm-2 reactive T cells, suggesting that toler-
ance to this normal protein is more complete.5* How-
ever, high-avidity T cells specific for hdm-2 can be elicit-
ed by immunizing HLA-A2 transgenic mice with hdm-2
peptides or by stimulating T cells from HLA-A2—-donors
with HLA-A2+ cells pulsed with hdm-2 peptide. The T-
cell-receptor a and (3 genes were cloned from such
high-avidity T cells and introduced into normal T cells
from HLA-A2+ donors to engineer T cells that are reac-
tive with hdm-2+ tumor cells for potential use in adop-
tive immunotherapy.>!

Strategies for Inducing a
T-Cell-Mediated Antileukemic Effect

Adoptive Therapy With Antigen-Specific
T-Cell Clones

The adoptive transfer of donor T cells specific for
antigens expressed by cytomegalovirus (CMV) or
Epstein Barr virus (EBV) has been shown to restore
CMV- and EBV-specific immunity after allogeneic
HSCT without causing GVHD.52% These studies have
demonstrated that it is feasible to isolate T cells of
desired specificity, and expand cells in vitro that retain
function and the ability to persist and migrate in vivo
after infusion to patients. The adoptive transfer of T
cells selected for specificity for mHAgs expressed by
recipient leukemic cells represents a potential
approach for eradicating leukemic cells without
GVHD in the allogeneic HSCT setting and for inducing
a more potent antitumor effect than achieved with
unselected polyclonal DLIs.

The process of isolating and expanding mHAg-spe-
cific T cells for use in therapy is still challenging but
will improve as a larger number of mHAgs are charac-
terized at the molecular level. A potential problem
with targeting mHAgs in the allogeneic setting is
GVHD. Similarly, toxicity to normal tissues could occur
as a result of transferring T cells specific for self-pro-
teins such as proteinase-3,WT-1, hTERT, or hdm2 in the
nontransplant setting. One approach for defining safe-
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ty is to introduce a suicide gene into the T cells that
could be activated if toxicity occurred. The herpes
virus thymidine kinase (TK) gene has been used in
clinical studies and has been shown to be effective in
reversing GVHD after DLI.*3 However, TK is immuno-
genic and can result in the premature elimination of
transferred T cells that do not cause toxicity.>* A sui-
cide gene based on inducing cell death through the Fas
pathway using chemical dimerizers to activate an engi-
neered transgene based entirely on human proteins
has been developed and may circumvent the problem
of immunogenicity.>

Vaccination

An alternative or potentially complementary
approach to the adoptive transfer of effector T cells that
react with leukemia-associated antigens is to elicit
responses in vivo by vaccination. While this approach
may be easier to apply more broadly, it has limitations
including the potential for toxicity if self-proteins are
targeted and the difficulty inducing sufficiently strong
T-cell responses to eliminate an established tumor bur-
den. Adoptive transfer studies should assist in defining
antigens that can be targeted safely, and the investiga-
tion of novel vaccine delivery methods may identify
strategies to induce sufficiently potent responses to be
therapeutically effective.

Conclusions

Studies of cellular therapy and vaccination for
immunotherapy of human leukemia are just beginning.
Technical and scientific obstacles need to be ad-
dressed, but our understanding of the immunologic
mechanisms that may be induced to contribute to
tumor eradication are now rapidly evolving. It is antic-
ipated that these efforts will provide insights that will
improve the prospects for immunotherapy as a useful
therapeutic adjunct to current treatments.

References

1. Pion S,Fontaine P,Baron C,et al. Immunodominant minor his-
tocompatibility antigens expressed by mouse leukemic cells can
serve as effective targets for T cell immunotherapy. J Clin Invest.
1995;95:1561-1568.

2. Greenberg PD. Adoptive T cell therapy of tumors: mecha-
nisms operative in the recognition and elimination of tumor cells.
Adv Immunol. 1991;49:281-355.

3. Fontaine P, Roy-Proulx G, Knafo L, et al. Adoptive transfer of
minor histocompatibility antigen-specific T lymphocytes eradicates
leukemia cells without causing graft-versus-host disease. Nat Med.
2001;7:789-794.

4. 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.

5. Weiden PL,Sullivan KM, Flournoy N, et al. Antileukemic effect
of chronic graft-versus-host disease: contribution to improved sur-

March/April 2002, Vol.9, No.2

vival after allogeneic marrow transplantation. N Engl J Med. 1981;
304:1529-1533.

6. Horowitz MM, Gale RP, Sondel PM, et al.
leukemia reactions after bone marrow transplantation.
1990;75:555-562.

7. Sullivan KM, Storb R, Buckner CD, et al. Graft-versus-host dis-
ease as adoptive immunotherapy in patients with advanced hemato-
logic neoplasms. N Engl J Med. 1989;320:828-834.

8. Kolb HJ, Mittermuller J, Clemm C, et al. Donor leukocyte
transfusions for treatment of recurrent chronic myelogenous
leukemia in marrow transplant patients. Blood. 1990;76:2462-2465.

9. Porter DL, Antin JH. Infusion of donor peripheral blood
mononuclear cells to treat relapse after transplantation for chronic
myelogenous leukemia. Hematol Oncol Clin North Am. 1998;12:
123-150.

10. Collins RH Jr, Shpilberg O, Drobyski WR, et al. Donor leuko-
cyte infusions in 140 patients with relapsed malignancy after allo-
geneic bone marrow transplantation. J Clin Oncol. 1997;15:433-444.

11. Mackinnon S, Papadopoulos EB, Carabasi MJ, et al. Adoptive
immunotherapy evaluating escalating doses of donor leukocytes for
relapse of chronic myeloid leukemia after bone marrow transplanta-
tion: separation of graft-versus-leukemia responses from graft-versus-
host disease. Blood. 1995;86:1261-1268.

12. Shimoni A, Gajewski JA, Donato M, et al. Long-term follow-up
of recipients of CD8-depleted donor lymphocyte infusions for the
treatment of chronic myelogenous leukemia relapsing after allogene-
ic progenitor cell transplantation. Biol Blood Marrow Transplant.
2001;7:568-575.

13. Bonini C, Ferrari G, Verzeletti S, et al. HSV-TK gene transfer
into donor lymphocytes for control of allogeneic graft-versus-
leukemia. Science. 1997;276:1719-1724.

14. Cooper MA, Fehniger TA, Caligiuri MA, et al. The biology of
human natural killer-cell subsets. Trends Immunol. 2001;22:633-
640.

15. Ruggeri L, Capanni M, Martelli MF, et al. Cellular therapy:
exploiting NK cell alloreactivity in transplantation. Curr Opin Hema-
tol. 2001;8:355-359.

16. Malarkannan S,Horng T, Eden P, et al. Differences that matter:
major cytotoxic T cell-stimulating minor histocompatibility antigens.
Immunity. 2000;13:333-344.

17. de Bueger M, Bakker A,Van Rood JJ, et al. 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.

18. Warren EH, Greenberg PD, Riddell SR, et al. Cytotoxic T-lym-
phocyte-defined human minor histocompatibility antigens with a
restricted tissue distribution. Blood. 1998;91:2197-2207.

19. Goulmy E. Human minor histocompatibility antigens: new
concepts for marrow transplantation and adoptive immunotherapy.
Immunol Rev. 1997;157:125-140.

20. Hunt DF, Henderson RA, Shabanowitz J, et al. Characteriza-
tion of peptides bound to the class | MHC molecule HLA-A2.1 by
mass spectrometry. Science. 1992;255:1261-1263.

21. Van Pel A, van der Bruggen P, Coulie PG, et al. Genes coding
for tumor antigens recognized by cytolytic T lymphocytes. Immunol
Rev. 1995;145:229-250.

22. Gubarev Ml,Jenkin JC, Leppert MF et al. Localization to chro-
mosome 22 of a gene encoding a human minor histocompatibility
antigen. J Immunol. 1996;157:5448-5454.

23. Scott D,Addey C, Ellis P, et al. Dendritic cells permit identifi-
cation of genes encoding MHC class ll-restricted epitopes of trans-
plantation antigens. Immunity. 2000;12:711-720.

24. den Haan JM, Sherman NE, Blokland, et al. Identification of a
graft versus host disease-associated human minor histocompatibility
antigen. Science. 1995;268:1476-1480.

25. den Haan JM, Meadows LM, Wang W, et al. The minor histo-
compatibility antigen HA-1: a diallelic gene with a single amino acid
polymorphism. Science. 1998;279:1054-1057.

26. Pierce RA, Field ED, den Haan JM, et al. Cutting edge: the
HLA-A*0101-restricted HY minor histocompatibility antigen origi-
nates from DFFRY and contains a cysteinylated cysteine residue as
identified by a novel mass spectrometric technique. J Immunol.
1999;163:6360-6364.

Graft-versus-
Blood.

Cancer Control 121



27. Wang W, Meadows LR, den Haan JM, et al. Human HY: a male-
specific histocompatibility antigen derived from the SMCY protein.
Science. 1995;269:1588-1590.

28. Warren EH, Gavin MA, Simpson E, et al. The human UTY gene
encodes a novel HLA-B8-restricted H-Y antigen. J Immunol.
2000;164:2807-2814.

29. Dolstra H, Fredrix H, Maas F, et al. A human minor histocom-
patibility antigen specific for B cell acute lymphoblastic leukemia. J
Exp Med. 1999;189:301-308.

30. Murata M, Emi N, Hirabayashi N, et al. No significant associa-
tion between HA-1 incompatibility and incidence of acute graft-ver-
sus-host disease after HLA-identical sibling bone marrow transplanta-
tion in Japanese patients. IntJ Hematol. 2000;72:371-375.

31. Tseng LH, Lin MT, Hansen JA, et al. Correlation between dis-
parity for the minor histocompatibility antigen HA-1 and the devel-
opment of acute graft-versus-host disease after allogeneic marrow
transplantation. Blood. 1999;94:2911-2914.

32. Shlomchik WD, Couzens MS, Tang CB, et al. Prevention of
graft versus host disease by inactivation of host antigen-presenting
cells. Science. 1999;285:412-415.

33. Brickner AG, Warren EH, Caldwell JA, et al. The immuno-
genicity of a new human minor histocompatibility antigen results
from differential antigen processing. J Exp Med. 2001;193:195-206.

34. Bonnet D, Dick JE. Human acute myeloid leukemia is orga-
nized as a hierarchy that originates from a primitive hematopoietic
cell. Nat Med. 1997;3:730-737.

35. Cobaleda C, Gutierrez-Cianca N, Perez-Lasada J, et al. A primi-
tive hematopoietic cell is the target for the leukemic transformation
in human Philadelphia-positive acute lymphoblastic leukemia. Blood.
2000;95:1007-1013.

36. Bonnet D,Warren EH, Greenberg PD, et al. CD8(+) minor his-
tocompatibility antigen-specific cytotoxic T lymphocyte clones elim-
inate human acute myeloid leukemia stem cells. Proc Natl Acad Sci
U SA. 1999;96:8639-8644.

37. Bocchia M, Korontsvit T, Xu Q, et al. Specific human cellular
immunity to bcr-abl oncogene-derived peptides. Blood. 1996;87:
3587-3592.

38. Yotnda P, Garcia F Peuchmaur M, et al. Cytotoxic T cell
response against the chimeric ETV6-AMLL protein in childhood acute
lymphoblastic leukemia. J Clin Invest. 1998;102:455-462.

39. Yasukawa M, Ohminami H, Kojima K, et al. HLA class Il-
restricted antigen presentation of endogenous bcr-abl fusion protein
by chronic myelogenous leukemia-derived dendritic cells to CD4(+)
T lymphocytes. Blood. 2001;98:1498-1505.

40. ten Bosch GJ, Kessler JH, Joosten AM, et al. A BCR-ABL onco-
protein p210b2a2 fusion region sequence is recognized by HLA-DR2a
restricted cytotoxic T lymphocytes and presented by HLA-DR
matched cells transfected with an li(b2a2) construct. Blood.
1999;94:1038-1045.

41. Clark RE, Dodi IA, Hill SC, et al. Direct evidence that leukemic
cells present HLA-associated immunogenic peptides derived from the
BCR-ABL b3a2 fusion protein. Blood. 2001;98:2887-2893.

42. Pinilla-Ibarz J, Cathcart K, Korontsvit T, et al. Vaccination of
patients with chronic myelogenous leukemia with bcr-abl oncogene
breakpoint fusion peptides generates specific immune responses.
Blood. 2000;95:1781-1787.

43. Molldrem JJ, Clave E, Jiang YZ, et al. Cytotoxic T lymphocytes
specific for a nonpolymorphic proteinase 3 peptide preferentially
inhibit chronic myeloid leukemia colony-forming units. Blood.
1997;90:2529-2534.

44. Molldrem JJ, Lee PP, Wang C, et al. Evidence that specific T
lymphocytes may participate in the elimination of chronic myeloge-
nous leukemia. Nat Med. 2000;6:1018-1023.

45. Gaiger A, Reese V, Disis ML, et al. Immunity to WT1 in the ani-
mal model and in patients with acute myeloid leukemia. Blood.
2000;96:1480-1489.

46. Oka, Elisseeva OA, Tsuboi A, et al. Human cytotoxic T-lym-
phocyte responses specific for peptides of the wild-type Wilms’
tumor gene (WT1 ) product. Immunogenetics. 2000;51:99-107.

47. Ohminami H,Yasukawa M, Fujita S, et al. HLA class I-restrict-
ed lysis of leukemia cells by a CD8(+) cytotoxic T-lymphocyte clone
specific for WT1 peptide. Blood. 2000;95:286-293.

48. Gao L, Bellantuono |, Elsasser A, et al. Selective elimination of
leukemic CD34(+) progenitor cells by cytotoxic T lymphocytes spe-

122 Cancer Control

cific for WT1. Blood. 2000;95:2198-2203.

49. Vonderheide RH, Hahn WC, Schultze JL, et al. The telomerase
catalytic subunit is a widely expressed tumor-associated antigen rec-
ognized by cytotoxic T lymphocytes. Immunity. 1999;10:673-679.

50. Arai J, Yasukawa M, Ohminami H, et al. Identification of
human telomerase reverse transcriptase-derived peptides that induce
HLA-A24-restricted antileukemia cytotoxic T lymphocytes. Blood.
2001;97:2903-2907.

51. Stanislawski T,Voss RH, Lotz C, et al. Circumventing tolerance
to a human MDM2-derived tumor antigen by TCR gene transfer. Nat
Immunol. 2001;2:962-970.

52. Walter EA, Greenberg PD, Gilbert MJ, et al. 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;333:1038-1044.

53. Gahn B, Hunt G,Rooney CM, et al. Immunotherapy to recon-
stitute immunity to DNA viruses. Semin Hematol. 2002;39:41-47.

54. Thomis DC, Marktel S, Bonini C, et al. A Fas-based suicide
switch in human T cells for the treatment of graft-versus-host disease.
Blood. 2001;97:1249-1257.

March/April 2002, Vol.9, No.2



