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Abstract

Myeloid leukemias, although a heterogeneous group of hematopoietic stem cell neoplasms, are
arguably among the most suited for active specific immunotherapy. Nevertheless, clinical
development of myeloid leukemia vaccine lagged behind similar approaches in other solid and
hematological malignancies. The recent identification of apparently specific leukemia antigens
and advances in understanding the fundamentals of tumor immunology have helped initiate a
number of early phase clinical studies evaluating the safety and clinical efficacy of this approach.
Here we review the recently identified and characterized putative leukemia antigens, the main
vaccination strategies employed by most investigators and the results of clinical studies of
immunotherapy of myeloid leukemias. Although these studies are early and often difficult to
interpret, they offer evidence that effective immunity to leukemia could be induced following
vaccination, and that clinical benefit can sometimes be observed, thus setting the stage for future
development of this strategy and in the combinatorial approaches to treatment of myeloid
leukemias that incorporate immunotherapy.
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Background

Ongoing efforts to improve long-term outcomes and cure patients with myeloid
malignancies remain challenged by the relatively marginal benefits seen with newer agents,
despite the development of novel therapeutics that appear to alter the natural history of some
of these diseases. Unfortunately, most patients with myeloid diseases will eventually
succumb to their disease. The development of non-cross-reactive modalities, like
immunotherapy, may offer alternative strategies that focus on creating a lasting antitumor
effect in hopes of curing many of our patients. Myeloid leukemias, both acute and chronic,
constitute a heterogeneous group of clonal stem cell malignancies that are particularly suited
for immunotherapeutic intervention. There are a variety of reasons why this is indeed the
case. First, myeloid leukemias express both human lymphocyte antigen (HLA)-I and -11
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molecules, and their downregulation is infrequently observed in leukemic blasts.1 They also
express a number of adhesion/costimulatory membrane molecules including CD54, CD58,
CD80 and CD86,2—4 and release a number of immunomodulatory soluble mediators, such
as IL1b, IL6 and TNF-a.5 Second, the leukemic blasts typically exist in physical niches
within the marrow microenvironment and/or peripheral blood compartments that are
relatively accessible to antigen-specific T cells as well as other nonantigen-specific
immunocytes. For example, the stromal microenvironment as a biophysical barrier is less
well developed in myeloid tumors compared to their solid tumor deposits. Third, myeloid
disorders are often characterized by chromosomal translocations that result in chimeric
proteins, which are unique leukemia antigens that may offer target specificity. Another
important factor that suggests myeloid tumors are well suited to immunotherapeutic
strategies is our ability to achieve major cytoreduction, attain a state of measurable, minimal
residual disease that not only provide a clinical scenario amenable to immunotherapeutic
intervention, but also allows for quantification of its impact. And finally, the window of
immune recovery or reconstitution following cytotoxic-based induction therapy or stem cell
transplantation offers a unique opportunity to prime an immune response and circumvent
potential leukemia-induced peripheral tolerance. This article will review the current
knowledge of the putative leukemia-associated antigens, their mechanisms of antigenicity,
and the generation of antigen-specific immune responses (as well as the potential
development of tumor immunity) through immunotherapeutic approaches in myeloid
leukemias.

Potential myeloid leukemia-associated antigens

Several categories of potential tumor antigens recognized by T cells that have been
identified through various approaches, although mainly through the generation of T-cell
clones from cancer patients through in vitro antigen stimulation or by combining serological
analysis with antigen cloning techniques (that is, serological expression cloning).6 It is
noteworthy that most known leukemia-associated antigens are often critically involved in
the initiation or maintenance of leukemogenesis. This feature suggests the generation of
tumor escape by downregulation of antigen expression and/or processing would negatively
impact the active tumor thereby making this an unlikely mechanism of tumor resistance and
allowing for such antigens to remain as viable immune targets. Leukemia-associated
antigens identified thus far fall into one of the following categories as being either unique to
the leukemia, overexpressed by the leukemia or shared between the malignant clone and
normal tissues albeit restricted to gonadal tissues.

Unique leukemia antigens are essentially altered proteins that are involved in the regulation,
initiation or maintenance of leukemogenesis (Table 1). In many of these cases, the antigens
arise as a result of chromosomal translocations which provide an exclusively tumor-specific
chimeric protein, with peptide epitopes derived from the joining regions of these chimeras
and serve as potential targets for T-cell recognition and effector function. Less commonly,
mutated oncogenes, such as ras oncogenes, may also serve as a unique tumor antigen. The
chimeric BCR-ABL fusion protein resulting from the t(9;22) translocation? in Philadelphia-
chromosome-positive chronic myeloid leukemia (CML) patients is the prototypical example
of this category of antigens. Not only is this chimeric molecule tumor specific, but it is also
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essential for the transformed phenotype in CML and it displays limited variability with only
two chromosomal breakpoints.7 This breakpoint results in the ABL coding sequences
upstream (5”) of exon Il on chromosome 9 being translocated to chromosome 22 and fused
in-frame with the BCR gene downstream (3’) of exon Il1, resulting in the most common
chimeric messenger RNA transcript (b3a2), which is translated into a chimeric protein
(p210BCR-ABLY 7 Translation of b3a2 messenger RNA results in the coding of a unique
amino acid, lysine, within the fusion region. This finding suggests selectivity even within
the unique target of BCR-ABL prompting several investigators to use BCR-ABL peptides in
an attempt to elicit CML-specific T-cell responses. Using several HLA-A2-, -A3-, -A22-
and -B8-restricted overlapping peptides (that include this unique lysine) to bind to their
respective HLA alleles, in vitro T-cell proliferation responses were successfully induced
when the peptide was either loaded onto HLA-matched antigen-presenting cells or onto
HLA-B8-positive CML cells.8-10 However, when these b3a2 peptides were used to elicit
b3a2-specific T-lymphocyte lines in vitro, the resulting T cells could not specifically lyse
fresh CML cells that had not previously been pulsed with the peptide10 suggesting either
low avidity of the generated peptide-specific cytotoxic T lymphocyte (CTL) or lack of
processing and/or presentation of the peptide on CML cells. Interest in this phenomenon has
been further fueled by recent identification of b3a2-specific CTLs in the peripheral blood of
chronic phase CML patients by using soluble b3a2 peptide/MHC tetramers.11 Although the
tetramer-positive CTLs from the patients were not examined for their ability to kill
autologous CML target cells, b3a2-specific CTL elicited in vitro from healthy donors were
able to kill CML cells. It is possible that ber-abl fusion peptides may also be targets of CTL
immunity and that CML cells are indeed capable of processing and presenting HLA-
restricted immunogenic peptides derived from the bcr-abl fusion protein. Furthermore,
Gannage et al.,12 made the interesting observation that spontaneously induced bcr-abl-
specific CTLs can be identified in the peripheral blood of 61% of CML patients. These
findings, buoyed by recent clinical results showing that vaccination of CML patients with
ber-abl breakpoint fusion peptides resulted in a peptide-specific immune response has stoked
the interest in immunization strategies targeting this unique leukemia antigen.13 Less
proverbial, and certainly less well-studied, putative unique leukemia antigens include the
DEK-CAN fusion peptide derived from the t(6;9) translocation in patients with acute
myeloid leukemia (AML)14 and the expression products of the AML/ETO or PML-RARa
rearranged genes.15,16 Interestingly, CD4* lymphocytes from acute promyelocytic
leukemia patients were shown to recognize an HLA-II-restricted peptide derived from the
fusion region of the PML-RARa.17 Clinical development of immunotherapies based on this
observation is yet to be pursued.

Overexpressed leukemia antigens are a second class of leukemia-associated antigens and are
comprised of myeloid-restricted proteins that are aberrantly overexpressed in transformed
myeloid cells relative to their normal hematopoietic progenitor counterparts. The two
notable examples of such differentiation antigens are both associated with granule
formation: proteinase 3 (PRTN3) and neutrophil elastase (ELAZ2). These serine proteases are
stored in the primary azurophilic granules and are normally overexpressed at the
promyelocyte stage of myeloid differentiation.18-20 Interestingly, PRTN3 appears to be
important in maintaining the leukemogenic phenotype as its inhibition by the use of
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antisense oligonucleotides halts cell division and induces terminal differentiation of the
HL-60 promyelocytic leukemia cell line.21 In addition, both PRTN3 and ELA2 are believed
to be the antigens recognized by autoreactive pathogenic T- and B-lymphocyte clones
associated with Wegener's granulomatosis and possibly other small-vessel vasculitides
syndromes.22-24 Molldrem et al.25-27 used algorithms based on the known anchor motifs
of HLA class I-restricted peptides to identify PR1, an HLA-A2.1-restricted nonamer derived
from both PRTN3 and ELAZ2, as a leukemia-associated antigen. Peptides derived from the
amino acid sequence of the protein and predicted to have high-affinity binding to HLA-A2.1
were synthesized, confirmed to bind and then used to elicit peptide-specific CTLs in vitro
from healthy donor lymphocytes. PR1 peptide could elicit CTLs from HLA-A2.1" healthy
donors in vitro and T-cell immunity to PR1 was evident not only in healthy donors but also
in many patients with CML who are in remission. These PR1-specific CTLs show
preferential cytotoxicity toward allogeneic HLAA2.1* myeloid leukemia cells over HLA-
identical normal donor marrow.26 In addition, PR1-specific CTLs inhibit colony-forming
unit granulocyte-macrophage from the marrow of CML patients, but not from normal HLA-
matched donors,27 which suggested that leukemia progenitors could potentially be targeted
by the antigen-specific T cells.

Another important leukemia-associated antigen is the Wilms’ tumor gene, WTL. Its
antigenicity results from its marked overexpression by most human leukemias including
MDS, CML and acute lymphoblastic and nonlymphoblastic leukemias.28 WT1 encodes a
zinc finger transcription factor involved in the regulation of cell proliferation, differentiation
and apoptosis. In leukemias, however, WT1 is linked to an oncogenic function as
constitutive expression of WT1 results in growth promotion and differentiation arrest
whereas its inhibition by antisense oligonucteotide results in growth inhibition.29,30 Using
the same peptide binding motifs, several WT1 protein-derived CTL epitopes restricted by
both HLA-A*0201 and HLA-A*2402 were identified.28 Moreover, CTLs specific for such
epitopes were generated and shown to preferentially recognize and lyse leukemia cells and
inhibit colony formation by CD34* progenitor cells from CML patients.31,32 The fact that
antibodies against WT1 were detected in patients with AML,32 further underscores the
immunogenicity of this leukemia antigen as it is capable of engendering both cellular and
humoral antileukemic immune responses.

The human telomerase reverse transcription (nTERT) antigen is expressed, or
overexpressed, by the majority of human tumors, including leukemias and hTERT-specific
CTLs capable of killing hTERT™ tumor cells have successfully generated in vitro from both
healthy donors and cancer patients.33 Survivin, a member of the inhibitors of apoptosis gene
family, has also been shown to be abundantly expressed in tumor cells, including myeloid
leukemias. CTLs specific for survivin were again demonstrated to specifically recognize and
lyse survivin-positive primary malignant cells from patients with chronic lymphatic
leukemia and AML.34,35 Finally, surface molecules preferentially expressed in leukemia
cells, such as CD45 and CD33, have been explored as potential immunogenic target for
leukemia; 36,37 however, it remains to be seen whether these antigens are immunologically
‘relevant’ for endogenous or vaccine-induced antileukemia immune responses.
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Shared tumor antigens are those present on various tumor types of different histological
derivations and whose expression in normal tissues is restricted to the gonadal tissues (for
example, cancer-testis antigens such as MAGE, BAGE and GAGE).38,39 Although their
ubiquity on many cancers makes them an attractive target for clinical vaccine development,
their analysis in hematological malignancies has lagged behind their identification and
utilization in solid tumors. Only recently has PRAME (preferentially expressed antigen of
melanoma) been shown to be expressed in 47% of AML patients.40 To date, further analysis
of the expression of this class of tumor antigens and their relevance to immune responses in
leukemia patients is yet to be done.

Immunotherapeutic strategies against myeloid leukemias

The development of vaccines against cancers has been challenging and no more so than in
the area of myeloid malignancies, in part due to a somewhat unique set of challenges. Far
and away, the most important factor is the need to break tolerance to antigens against which
the host has been actively tolerized.41,42 The fact that myeloid neoplasms likely share a
common cell of origin with those of the immune system highlights that hosts must be
partially, if not completely, tolerant of such neoplasms. The difficulty of trying to create
vaccine formulations that can induce robust and sustained responses capable of producing
meaningful immunity although remaining safe so as to not generate autoimmunity against
normal tissues is likewise evident. The vaccination strategies employed in antileukemia
immunotherapy to date have fallen largely into two categories; those that utilize molecularly
defined antigens or epitopes and those that use primarily whole tumor cells as the source of
antigen. Both strategies employ immunomodulatory strategies to enhance the
immunogenicity of the antigen(s), facilitate their processing and presentation, augment T-
cell priming, and/or downregulate innate or antigen-specific suppressive cells or molecules
of the immune system.

Vaccines using leukemia-associated antigens have been driven by the discovery and
molecular characterization of many potential tumor rejection antigens in myeloid leukemias
and have led to a flurry of studies evaluating their safety and efficacy in early phase trials.
One such developmental study involved CML patients that were given escalating doses of
BCR-ABL fusion region peptides (including four HLA class I-restricted peptides from b3a2
and a 25-mer HLA class Il epitope43) given in incomplete Freund's adjuvant.13 The
vaccines were well tolerated and importantly, peptide-specific T-cell proliferation was
demonstrated in half the patients who received the highest dose of peptides (0.5-1.5 mg).
This dose was then selected for a phase Il efficacy trial that enrolled 14 patients with chronic
phase CML.44 Investigators were encouraged as all patients had the detection of delayed-
type hypersensitivity (DTH) and antigen-induced interferon-y production by T cells by
enzyme-linked immunosorbent spot (ELISPOT) was seen in 6 out of 12 patients tested.
Unfortunately, no leukemia-specific cytotoxic activity was noted and no definite vaccine-
induced clinical responses were observed. Undeterred by the initially disappointing, and
largely unexplained lack of correlation between immune and clinical surrogate end points,
an Italian group conducted a single-arm phase Il study where 16 CML patients with stable
residual disease after achieving maximal response to either imatinib mesylate or interferon-a
therapy were vaccinated with six b3a2 peptides and the QS-21 adjuvant.45 Again, all
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patients tested demonstrated specific BCR-ABL immune responses as measured by DTH, in
vitro proliferation, or interferon-y production by ELISPOT, but importantly, five patients
achieved complete cytogenetic responses as the first potential link to clinical responses. This
trial was a single-arm study with patients continuing on their primary therapy of imatinib
mesylate or interferon-a therapy making the determination of the relative contribution of the
vaccine versus the primary therapies difficult.

One attempt to minimize the impact of ongoing therapies selected 37 patients with refractory
or relapsed disease spanning a spectrum of refractory myeloid tumors, including AML,
CML and myelodysplastic syndromes. These patients received PR1 peptide in incomplete
Freund's adjuvant plus granulocyte-macrophage colony-stimulating factor (GM-CSF) every
3 weeks for a total of three vaccinations.44 A significant increase of PR1-specific T cells
after vaccination was observed in 22 out of 37 (60%) patients and clinical remission was
observed in 11 (30%) patients. Moreover, durable molecular remissions were noted in three
patients with refractory AML, which lasted for up to 3 years follow up. Furthermore, the
observed clinical responses were shown to positively correlate with the induction of PR1-
specific T cells that had higher TCR avidity compared to nonresponders (P = 0.02). This
observation is important in that it provides a clue to a qualitative aspect of the immune
response that is often omitted from immune monitoring of vaccine studies. Such feature, that
is, the induction of higher avidity T cells might be more relevant to vaccine efficacy than the
quantitative estimation of immune responses. Final results of this study are eagerly awaited.

The widespread overexpression of WT1 by myeloid leukemias and the identification of a
number of HLA-restricted peptide epitopes derived from its amino acid sequence led to its
testing as a potential immunogen in early phase clinical trials. In a phase | dose escalation
study, 14 patients with either AML or MDS in remission were vaccinated in a phase | dose-
ranging study. The vaccine consisted of natural, or modified 9-mer WT1 peptide emulsified
with montanide ISA51 adjuvant and was given in 2-week intervals. An increased frequency
of WT1-specific T cells was demonstrated as early as after two immunizations.28
Importantly, clinical end points (reduction in leukemia blast cells and/or WT1 transcripts)
appeared to correlate with the noted the immune response (measured quantitatively by
tetramer staining). A phase 1/11 study building upon this work in Germany has recently
completed accrual.46 Of 23 evaluable patients with AML and 2 with RAEB given a median
of 11 (range 3-25 days) vaccinations, one durable CR (lasting 514 days) and 13 s.d. (99-339
days) were observed. No significant toxicity was noted. There was a statistically significant
association between T-cell responses by both the WT1 tetramer staining and the WT1
peptide-specific cytokine response to the observed surrogate clinical end points.47

Heat-shock protein 70 (HSP70) peptide complexes were also studied as immunotherapy for
patients with CML who remained with measurable disease despite ongoing therapy with
imatinib mesylate.48 HSP70 is a molecular chaperone of peptides to the MHC class-1 and
class-11 antigen-processing pathway often upregulated, in part due to cellular damage or
stress. Hsp70PCs were purified from the leukopheresed peripheral blood mono-nuclear cells
and were administered in eight weekly intradermal injections without adjuvant. The
investigators reported clinical responses as measured by lowering of ber/abl transcript levels
in 13 of 20 patients, immunologic responses as measured by an increase in the frequency of

Leukemia. Author manuscript; available in PMC 2016 February 24.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

el-Shami and Smith

Page 7

CML-specific interferon (IFN)-y-producing cells and IFN-y-secreting natural killer cells in
the blood, and a positive relationship between the two.48 One interesting aspect of this
approach is its reliance on the ability of HSP to provide naturally processed and presented
peptides that should potentially reflect with some fidelity the density and composition of the
antigenic peptide repertoire in leukemia cells.

A second strategy focuses on the utilization of whole cell-based vaccines. As such, use of a
whole cell-based vaccine affords the ability to provide a panel of molecules whose antigenic
hierarchy is more representative of the antigenicity of leukemia cells in vivo. The
disadvantages are the cost of generating cell-based vaccines and the difficulty of monitoring
induced immune responses given the lack of certainty as to which antigen(s) prime T cells.
The potential efficacy of this approach relies on the premise that tolerance can be
preferentially broken against tumor-selective antigens versus self-antigens. In fact, such
selectivity seems possible within the realm of immunostimulatory and/or costimulatory
signals that direct the processing and presentation of tumor antigens by host-derived antigen
presenting cells. This concept is highlighted by seminal studies in the 1990s that showed that
the main mechanism of priming tumor antigen-specific T cells in vivo involves the cross-
presentation of such antigens by bone marrow-derived antigen presenting cells.49,50 This
observation fueled interest in developing tumor cell-based vaccines that were genetically
altered to enhance the recruitment of patient-derived dendritic cells for their in vivo antigen
processing and cross-presentation to potentially tumor antigen-specific lymphocytes (Figure
1). One study Dranoff et al.51 compared the impact of 10 different cytokines and
costimulatory molecules that were transduced into poorly immunogenic autologous tumor
cells. This work revealed that immunization with cells engineered to express GM-CSF
produced a robust, potent and long-lasting systemic tumor immunity that was mediated by
both CD8* and CD4* T lymphocytes. Given the relative accessibility of leukemia cells, the
generation of autologous tumor cell-based vaccines is relatively easy and in fact, additional
preclinical studies supported the utility of this vaccination approach for hematologic
neoplasms.52 However, the realization that the majority of the antigens identified for
myeloid malignancies thus far belong to the ‘shared” category combined with the
phenomenon of cross-presentation of tumor antigens by host-derived dendritic cells being
the main mechanism of T-cell priming, suggested that allogeneic vaccines might be equally
effective across the HLA barrier among many patients. The prototypical example of this
approach is an allogeneic cell-based vaccine made of an erythroleukemia cells established
from a CML patient in a blast crisis (K562) that were engineered to express GM-CSF and
dubbed K562/GM-CSF.53 In addition to local production of the stimulatory cytokine GM-
CSF, these cells lacked the expression of HLA class | and 11 molecules that minimize the
risk of allogeneic rejection with repeated vaccination. Thus, K562/GM-CSF held potential
as a ‘bystander’ cell to provide adjuvant paracrine excretion of GM-CSF when admixed with
unmodified autologous tumor cells serving as the source of antigen as well as potential as a
‘whole cell’ vaccine providing both the potentially relevant CML-related antigens and the
stimulatory GM-CSF for patients with CML.

An early stage clinical trial designed to evaluate the safety and efficacy of a tumor vaccine
administered to patients with AML in the periautologous stem cell transplantation period.
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Following induction and consolidation, a pretransplant vaccination of 1 x 108 autologous
leukemia cells admixed with 4 x 107 K562/GM-CSF bystander cells was given to patients.
This immunization was then followed 2 weeks later with leukopheresis with the goal of
harvesting primed leukemia-specific lymphocytes that would then be reinfused along with
the autologous stem cells following myeloablative preparative regimen of
cyclophosphamide and busulphan. The patients then went on to receive eight booster
immunizations following immune reconstitution. Of 20 evaluable patients, 11 had
measurable decreases in WT1 transcripts by reverse transcriptase (RT)-PCR that were
associated with a longer relapse-free survival (RFS). In addition, at a mean follow-up of 2
years, patients who developed a DTH reaction to irradiated autologous AML blasts had a
100% RFS, compared to 60% RFS in patients who did not mount a DTH. As commonly
observed in many vaccine trials, the relative contribution of the immunization versus that of
concurrently delivered therapeutic intervention is difficult to ascertain in this
nonrandomized trial. Nonetheless, this study provides more tantalizing evidence of the
potential ability to engender leukemia-specific immune responses using the whole cell-based
vaccination strategy. Another study used the same cell line as an allogeneic vaccine in 19
patients with CML. The patients were given four immunizations with 1 x 108 irradiated
K562/GM-CSF alone at 3-week intervals following the attainment of maximum cytogenetic
response to imatinib. The group's median age was 52 years and their median disease
duration was 57 months. Of the 19 patients, 4 were considered to have significant disease
burden with fluorescence in situ hybridization (FISH)-positive disease as their best previous
response to imatinib, 2 of whom became FISH negative following completion of four
planned vaccinations. Interestingly, one patient achieved PCR negativity and one achieved a
> 1 log reduction in disease burden measured by PCR. Of the 15 patients whose best
previous response to imatinib mesylate was FISH negative but PCR positive, 4 became PCR
negative postvaccine and 4 experienced > 1 log reduction by PCR. Moreover, mean PCR
levels for the 19 patients declined between pre- and postvaccine measures (P = 0.01). Only
one patient progressed having entered the study with a heavy disease burden (30% FISH
positive). Intriguingly, these interesting clinical responses did not appear to correlate with
any immune responses as tested against a panel of potential myeloid antigen targets. In
addition, although the clinical responses are exciting, interpretation of the impact of the
vaccines must be made cautiously due to the fact that patients were continued on imatinib
mesylate therapy during and beyond the immunotherapy period.54

Conclusions and future directions

Canvassing the field of immunology and immunotherapy of myeloid malignancies, it is
difficult to draw any solid conclusions at this stage of development. Thus far, the only
clinically meaningful immunotherapeutic modality in leukemia remains allogeneic stem cell
transplants and the infusion of donor lymphocytes and even this approach remains unclear
whether or not this observation is indeed a tumor antigen-specific immune response or
whether it is an inseparable part of an alloreactive response to the host. What is clear,
however, is the fact that several questions will need to be addressed in order for
immunotherapy of myeloid leukemias to move beyond the experimental realm. The first
question relates to which antigens are immunologically and clinically relevant. It is well
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known that antigen-specific immune responses, both cellular and humoral, can be detected
in many patients with cancers; however, which, if any, among these putative antigens will be
relevant to the induction of protective and/or therapeutic immunity, remains to be
elucidated. In addition, which cells or molecules of the immune system are relevant in the
context of antileukemia vaccination? Research in the past has focused almost exclusively on
T and B lymphocytes. More recently, the role of natural killer cells in mediating
antileukemia immunity in the context of allogeneic stem cell transplantation has become a
hot topic for investigations.55-57 It will be interesting to see whether the role of these cells,
long relegated to a second-class status among immunologist, can be better understood and
eventually utilized in the context of antileukemia vaccination and immunotherapy. The role
of the immunological checkpoints, that is, barriers that operate at a number of levels, and
involve the tumor, its tumor microenvironment and various components of the innate and
adaptive immune systems is also being actively dissected.58 Interventions that aim at
negotiating these checkpoints in the context of vaccination are being tested in early phase
studies. The potential of such interventions to enhance the antitumor immunity without
sacrificing specificity will be a great boost to the clinical development of leukemia and other
tumor vaccines. Another challenge will be to rationally combine the vaccines with other
active therapeutics for a maximum clinical benefit. Preclinical studies point to synergy
between vaccine-induced immune responses and blockade of vascular endothelial growth
factor pathway or hypomethylating agents, two classes of drugs with proven activity against
myeloid tumors.59,60

Although single-arm studies evaluating vaccine efficacy in myeloid leukemia patients can
provide tantalizing evidence of efficacy, only better designed studies can help glean the
impact of vaccine approaches on patient outcome. Specifically, randomized trials, although
costly, time consuming and labor intensive, are probably the only way to circumvent
potential confounding variables that may erroneously account for any observed clinical
benefit such as inadvertent patient selection bias. Finally, the identification of a reliable
biomarker that can predict with an acceptable degree of sensitivity and specificity, clinical
benefit from therapeutic vaccinations will be a great boost to the clinical development of
such vaccines and the immune monitoring thereof.
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Figure 1.
Cross-presentation of tumor-associated antigen by patient-derived antigen presenting

dendritic cells. (a) Autologous or allogeneic tumor cells are transfected with the gene for
granulocyte-macrophage colony-stimulating factor (GM-CSF); (b) irradiated GM-CSF
producing cells are injected into patients; (c) local production of GM-CSF helps to induce
the recruitment and maturation of dendritic cells; (d) dendritic cells process and cross-
present shed antigen from tumor cells to antigen-specific T cells; (€) primed T cells
proliferate and migrate to sites of tumor.
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Table 1

Potential myeloid leukemia-associated antigens

Antigen Function
BCR-ABL Chimeric protein
PML/RAR-a Chimeric protein

Neutrophil elastase (ELA2)

Proteinase 3 (PRTN3)

Wilm's tumor antigen 1 (WT1)

Human telomerase reverse transcription (hTERT)
Survivin
p53

Mutated ras

Neutral serine protease
Neutral serine protease

Zinc-finger transcription factor

Inhibitor of apoptosis
Tumor-suppressor gene

Oncogene
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