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Abstract
Hematological malignancies were the first diseases in clinical oncology for which the potential of
harnessing the immune system as targeted therapy was unequivocally demonstrated. Unfortunately
the use of this highly efficacious modality has been limited to only a subset of patients and
diseases due to immune-mediated toxicities resulting from incomplete specificity, and disease-
specific determinants of sensitivity versus resistance to immune effector mechanisms. Recent
studies however, have begun to elucidate the molecular basis of the observed clinical effects
allowing the rational development of next generation of immunotherapeutic combinations. We
discuss here cancer antigen targets in hematological malignancies and the specific approaches to
induce immunity being pursued, the importance of modulating the host immunoregulatory
environment, and the special features of immunological monitoring in clinical investigation. The
hematological malignancies represent an ideal setting for the development of immunotherapy due
to logistical, clinical monitoring and disease biology factors and may represent an exemplar for
immune based treatment in other cancer types.
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Evidence for Efficacious Anti-cancer Immunity in the Hematological
Malignancies

The field of Malignant Hematology has been at the forefront of adopting cancer
immunotherapy into the standard of care in clinical practice. This is exemplified by the
development of successful hematopoietic stem cell transplantation in the late 1960s and
1970s (1)(2), the development of monoclonal antibody therapy in the 1980s and 1990s (3)
(4), and the demonstrated efficacy of defined antigen-specific adoptive T cell therapy in the
past decade (5)(6). The use of the immune system as a targeted therapeutic agent for
hematological malignancies has thus been recognized as an attractive approach that has been
used clinically for over 40 years. Of particular interest is the ability to specifically target the
malignant clone thereby avoiding the side effects seen with most conventional therapies
while also providing long-term prevention against disease relapse. While cancer
immunotherapy in the form of allogeneic bone marrow transplantation (Allo-BMT) can
already be considered standard of care for some patients with leukemia and lymphoma,
immune responses targeting “allo-antigens” shared by both malignant and non-malignant
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cells of the host fall well short of this desired specificity, with an accompanying risk of
morbidity and mortality that has historically limited the use of this therapy to those with
greatest risk of relapse following conventional chemotherapy. Nevertheless, recent advances
in transplant conditioning and immune modulation have circumvented some of these
barriers, allowing the possibility of integrating more targeted immunotherapeutic strategies
using the BMT platform as discussed below. As such, the path of cancer immunotherapy is
coming full circle in the treatment of hematologic malignancies.

Perhaps the strongest evidence that immune responses can be effective in controlling
hematological malignancies is the example of donor lymphocyte infusion (DLI) therapy in
patients who relapse after allo-BMT. Re-induction of clinical remission using DLI can
typically be achieved in around 75% of chronic phase CML patients and 15–20% of AML
patients (7). While response to DLI is usually associated with clinical graft versus host
disease (GVHD), a distinct graft versus leukemia (GVL) effect alone can be observed, with
complete remissions of relapsed chronic phase CML being seen in patients without clinical
GVHD (8). The “graft vs. leukemia” effect of transplantation itself was noted early with the
observation that those receiving allo-BMT and experiencing moderate to severe GVHD had
a dramatically lower leukemic relapse rate compared to those having little or no GVHD or
compared to those receiving transplants from identical-twins (syngeneic BMT)(9). The
major contribution of T lymphocytes to the prevention of leukemia relapse following
successful BMT was later demonstrated by historical comparisons showing better outcomes
from unmanipulated versus T-cell depleted bone marrow grafts for patients with chronic
myeloid leukemia (10).

Finally, analogous to the situation seen with immune escape of chronic viral infections, loss
of mismatched HLA has been observed in mutated leukemic blasts from patients with
relapse following haplo-identical BMT. Acquired uniparental disomy of chromosome 6p
lead to a loss of recognition by donor T cells which could previously recognize and kill the
original unmutated leukemic cells (11). This escape mutation most likely results from
selective pressure from the T cell allo-response to leukemia analogous to the phenomena of
epitope mutations already observed in HIV (12), HBV (13) and HCV (14) viral infections.

While much of the evidence above speaks to the potency of an allogenic response, it has
been known for over 40 years that humans can mount endogenous immune responses to
leukemia as well (15, 16). It has only recently become possible however to dissect the
immunological specifics underlying this “host versus leukemia” immunity. Whether induced
by responses to allo-MHC, minor histocompatibility antigens, or leukemia associated
antigens (LAAs) however, durable remissions are not-infrequently obtained following
immunotherapy of hematologic maligancies (e.g. with BMT/DLI, interferons, or monoclonal
antibodies), providing an opportunity to characterize and correlate the specific features of
the anti-tumor immune response with the hard clinical endpoints of remission versus disease
progression.

Cancer Antigens in the Hematological Malignancies
The most compelling rationale for the use of the immune response as a therapy for cancer is
the ability to specifically target the malignant clone while sparing the normal host tissue.
This however relies on the ability of the immune system to recognize “non-self”
characteristics of a malignancy in the context of appropriately pro-effector environmental
cues. Extensive efforts have been made to define antigenic targets that can confer specificity
of the immune response against hematological malignancies. The prediction would be that
antigens arising from genes essential for cellular transformation and/or conferring a growth
advantage (such as “driver” mutations) would represent better antigens than “passenger”
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mutations (17) due to obligate expression; indeed it has been noted that the majority of the
LAAs identified so far are linked to the cell cycle or proliferation (18). The last 2–3 years
has seen an explosion of information regarding somatic mutations in cytogenetically normal
hematological malignancies during first presentation and relapse; we expect this will result
in the identification of multiple new antigens within this category.

Cancer-associated antigens can be divided into three main classes. Firstly, true “neo
antigens”, defined as molecules uniquely expressed by cancer cells with no normal tissue
expression, can be created by somatic genetic events within the leukemia itself. These range
from products of chromosomal fusions (eg; BCR:ABL in CML), to atypically spliced
isoforms (19, 20), to single nucleotide variants (SNV) only discoverable in the first instance
via whole genome sequencing (21). One member of this category of antigens unique to
hematological malignancies is the idiotypic determinant of a B cell or T cell receptor
expressed by the clonally expanded cells comprising most lymphoid malignancies. In this
setting, DJ and VDJ recombination of B and T cell receptor gene segments together with
additional genetic mechanisms for generating antigen receptor diversity result in genes
encoding amino acid sequences that are unique to the clonal lymphocyte population (22, 23).
Experimental therapy with monoclonal antibodies raised against such antigens have led to
durable remissions in lymphoma patients (24), and active immunization with patient-specific
idiotypic sequences has been shown to raise host antibody and T cell responses against
idiotypic epitopes which correlate with clinical endpoints such as relapse free survival (25).
Unfortunately however, these promising results have proven challenging to reproduce in the
phase III trial setting (26). It remains to be seen if in the appropriate clinical setting, such
biological responses can translate into clinically meaningful outcomes.

The second class of cancer-associated antigens in the hematological malignancies are those
antigens with germline (unmutated) sequence, whose expression is limited to the leukocyte
subset from which the hematological malignancy is derived. Examples include CD20
expression in most B-cell lymphomas (4), or CD52 expression in chronic lymphocytic
leukemia (CLL) and some lymphomas (3). Given that members of this class of antigens are
also expressed on normal hematopoietic cell lineages, they have been most useful as targets
for passive immunotherapy with monoclonal antibodies, either alone or as an adjunct to
cytotoxic chemotherapy, rather than as a target for the induction of long-lived immunity via
vaccination where self-tolerance limits the host response. B cell lineage surface antigens
have also been the target of adoptive T cell immunotherapy in the case of CLL, via the
adoptive transfer of autologous T cells transduced with a chimeric antigen receptor (CAR)
specific for CD19 (27, 28). This strategy utilizes an engineered transmembrane receptor that
exploits the antigen-binding properties of a monoclonal antibody (extracellular domain)
specific for the cell surface antigen CD19, fused to an intracellular domain consisting of the
zeta chain of the T cell receptor signal transduction complex along with a co-stimulatory
motif from CD137. Such systems enable a self-sustaining, amplifiable cytotoxic effector
response with T cells that can migrate to tumor compartments not easily accessed by naked
antibodies. As for the rationale for using a target that does not distinguish the malignancy
from its normal cellular counterpart, even the complete elimination of normal CD19+ cells
and the resulting impairment of humoral immunity may be a manageable and acceptable
outcome in some clinical settings. Furthermore, future strategies may seek to only
transiently target CD19 expressing cells (e.g. with T cells co-transduced with a suicide gene
together with the CAR, or by using mRNA rather than viral vectors for CAR transduction).
Since CD19 is not expressed on normal hematopoietic stem cells, normal B cell
lymphopoiesis would be expected to recover once the transduced T cells are eliminated.
Finally, the potency of linking antibody mediated tumor targeting with T cell activation may
be achievable with a more easily exportable approach, i.e. via so-called bi-specific
antibodies. As a result of significant progress in antibody engineering, antibodies having
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multiple valences and two (or more) specificities are now routinely generated (29, 30).
Recently, such a chimeric antibody was tested in patients with CD19+ Acute Lymphoblastic
Leukemia (ALL) who had persistence or relapse of molecularly measureable disease
following intensive induction and consolidation chemotherapy (31). The experimental
antibody, Blinatumomab, a bispecific single-chain antibody for both CD19 (the leukemia
target) and CD3 (the T cell target leading to T cell activation) was well tolerated, resulted in
clearance of detectable minimal residual disease (MRD) in 16 of 21 patients treated, and was
associated with a relapse-free survival of 78% at a median follow-up of 405 days. Of note 12
of the 16 responders in this study had been molecularly refractory to prior chemotherapy.

The third, and final, category is the one most extensively studied so far; those proteins of
wild-type sequence that are over-expressed within the tumor target tissue compared to
normal host tissue. This class includes the Wilms tumor protein WT-1 (32, 33), PR1 derived
from azurophil granule proteases proteinase-3 and neutrophil elastase (34) and the cancer
testis antigens (eg: PRAME, MAGE, Cyclin A1, CALR-3) (35). Given their import in
current leukemia vaccination efforts WT1, PR1 and PRAME antigens are all discussed
individually below.

The Wilms tumor 1 (WT-1) gene encodes a transcription factor that has an essential role in
the normal development of the urogenital, nervous and hematopoietic systems and
mesothelium. Its normal expression in post-natal life is thought to be limited to highly
differentiated glomerular podocytes in the mature kidney (36) and CD34+CD38−
hematopoietic stem cells (37). It undergoes a loss of function mutation in a subset of patients
with Wilm’s tumors, where it functions as a tumor-suppressor gene (38). Paradoxically, the
unmutated gene is expressed by the vast majority of human acute leukemias (39–41) where
it can function as an oncogene. The amount of WT1 expression in normal CD34+ cells
compared to leukemic blasts is controversial, with most studies limited by the analysis of
bulk populations rather than defined subsets. WT-1 expression is found in a high percentage
of leukemic blasts, whereas its expression is limited to a small subset (1–2%) of normal
CD34+ cells (typically in more primitive progenitors) (42). Nevertheless, analysis at the
single cell level did not reveal significant differences in the level of WT-1 mRNA as
measured by qRT-PCR. In contrast, other studies comparing phenotypically defined
(CD34+CD38−ALDHhi) hematopoietic stem cells (HSCs) and leukemic stem cells (LSCs)
have reported 2–5 fold levels of over-expression by LSCs (37). Differences in protein
expression and turnover have not been fully explored, although the demonstration that
human WT-1 specific T cells can distinguish LSCs vs normal HSCs (43) highlights the
potential therapeutic window. In spite of low-level self-antigen expression, WT-1 has been
found to be an immunogenic cancer antigen in the mouse (44) and the human with both T-
lymphocyte (45)(46) and humoral responses being seen (47)(48). Given the observations it
is overexpressed in myeloid leukemia stem cells (49) and that human CTLs specific for this
antigen were able to eliminate engraftment of leukemia initiating, but not normal CD34+,
stem cells in a mouse model (43), much effort has focused on inducing protective immunity
to this antigen. These observations are strengthened by the observations that WT1 (but not
PR1 or PRAME) specific CTL could frequently be detected after Allo-HSCT (50), that an
apparent graft-versus-leukemia effect was associated with detectable Wilms tumor-1
specific T lymphocytes after allo-BMT for ALL (51) and that detectable WT1 expression
following allo-BMT is an independent prognostic factor for leukemia relapse (52). One note
of caution about WT1 as a therapeutic target however, comes from the recent report that
WT1 is one of the antigens that triggers T cell-mediated myelosuppression in
myelodysplastic syndrome (53). Whether this represents T cell targeting (but not
eradication) of early transformed cells that are over-expressing WT-1 versus collateral
damage to normal hematopoietic stem cells is currently an important unknown. Clinical
trials of vaccination with this promising LAA are currently underway at a variety of medical
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centers including MSKCC, Moffitt, NCI, NHLBI and the University of Southampton
(detailed in Table 1).

Proteinase 3 and neutrophil elastase are expressed at high concentrations in the primary
granules of myeloid leukemia blasts while normal expression is primarily confined to the
early promyelocytic/myelocytic stage of bone marrow development (54)(55). PR1 is a HLA-
A*0201 restricted T cell epitope within these proteins against which CTL lines and clones
have been expanded in vitro. Such cells demonstrated highly specific recognition of AML
and CML blasts isolated directly ex vivo (34). This work was extended by the finding that T
cell responses to PR1 were strongly correlated with clinical responses in patients with CML
treated with IFN-alpha and allogeneic HSCT (56). Furthermore, in patients with CML
treated with allo-BMT, donor-derived PR1 specific T cells demonstrated an effector
memory phenotype early post-BMT and expansion of this population was followed by
complete remission in a patient with CML (57). The recent development of an anti-PR1/
HLA-A2 TCR-like antibody capable of mediating complement-dependant cytotoxicity of
AML progenitor cells is an interesting spin-off from these studies with potential therapeutic
utility (58).

PRAME was identified in 1997 by Ikeda et. al., from a human melanoma cell line derived
from a late recurrence metastasis (59). A CTL clone capable of lysing the melanoma line
was generated from autologous lymphocytes and used to screen pools from a cDNA library
derived from the line. The single positive pool contained a clone with an open reading frame
encoding a 509 amino acid protein nearly identical to sequences expressed by myeloid
leukemia cell line K562 and promyelocytic leukemia cells HL-60 (60) and 97% homologous
to a 332 bp cDNA from human testis (61). The authors named the gene PRAME for
“preferentially expressed antigen of melanoma”. It was later shown that this antigen is also
over-expressed in at least 25% of acute leukemia cells and almost all of those with the 8:21
translocation (62). PRAME, which is up-regulated by BCR-ABL in CML, is thought to act
via inhibition of retinoic acid signaling to both block myeloid differentiation (63) and to
increase resistance to apoptosis by down-regulating the tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) (64). As a member of the cancer testis family,
expression in post-natal life is thought to be limited to germ cells. Within the normal
hematopoietic compartment, PRAME expression is below the limits of detection by
sensitive techniques. One intriguing observation is that PRAME expression is induced or
increased by leukemias treated with DNA methyltransferase inhibitors and histone
deacetylase inibitors, both of which are being actively used as “differentiating agents” in the
treatment of leukemia (65). As such, immunotherapies targeting PRAME, either through
vaccination or adoptive T cell transfer may benefit from systemic modulation of the target
antigen expression, if such maneuvers prove to be selective.

The cancer antigens identified to date in the hematological malignancies have been
discovered in one of three ways. “Reverse Immunology” identifies candidate antigens based
on gene expression profiling. Proteins that are uniquely or preferentially expressed by cancer
cells relative to normal cells are evaluated for amino acid sequences that are predicted by
MHC binding algorithms to be potential epitopes. Candidate peptides are synthesized,
confirmed to bind to the relevant MHC, and then pulsed onto dendritic cells (DCs), which
are used to stimulate polyclonal T cells to generate lines. These are then tested to see if they
recognize tumor targets that endogenously express and process this antigen. WT1 and PR1
are examples of antigens discovered using this method (45)(34). This technique has the
advantage that it can limit the search for novel cancer antigens to those proteins known to be
overexpressed by cancer cells compared to normal cell types, and can even focus the search
to those antigens found in self-renewing cancer stem cells, which are relatively well-defined
in hematological malignancies (37). However the approach is relative inefficient, and as
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relates to vaccine candidates, it assumes that the ability to generate T cell lines in vitro (used
to screen the candidate) predicts how immunogenic the antigen will be in vivo.

The second approach, “Forward Immunology” seeks to identify the antigenic targets of an
endogenous (or experimentally induced) host response. In the case of antigens recognized by
T cells, tumor-reactive T cell lines or clones are first generated against a primary leukemia
or cell line. Once the MHC restriction is determined, the specific antigen and presented
peptide epitope can be identified either biochemically (by fractionating and sequencing
peptides stripped from tumor MHC that sensitize targets for T cell recognition) or
genetically (by transfection of targets sharing the restricting MHC with pools from tumor
derived cDNA libraries and screening for T cell recognition). PRAME is an example of an
antigen discovered via this methodology (66). A significant bias of this approach arises from
uncontrolled factors that influence which T cell specificities emerge from the in vitro T cell
expansion; a process that is notoriously inefficient and does not necessarily reflect the full
spectrum (or even the hierarchy) of the host T cell response present in vivo.

The third approach, which we refer to as “Fast-Forward Immunology” is the direct
characterization of the antigen specificity of an actual immune response from a cancer
patient without the bias introduced by in vitro T cell expansion. The classic example of this
is the combined use of “SEREX” (serological analysis of recombinant cDNA expression
libraries of human tumors with autologous serum) (67, 68) to define the specificity of
antibodies present in cancer patients, followed by evaluation of T cell responses to the
serologically defined candidates. The antigen RHAMM was identified using this technique
by screening patient sera against a cDNA library derived from the CML blast phase cell line
K562 expressed by phage display, and comparing “hits” to those found in healthy volunteers
and autoimmune patients (69). T cell responses to the antibody targets were then examined
with standard techniques. Starting with the humoral response provides a more
comprehensive picture of the host response than T cell cloning approaches and avoids some
of the educated guesswork and inefficiency embedded in the reverse immunology approach.
It can be highly focused by creating the cDNA library from highly purified autologous
tumor or subsets such as the stem cell fraction. It additionally offers the opportunity to study
patients at defined clinical timepoints, for example, before and after response to
immunotherapy. Investigators from the Dana-Farber Cancer Institute have elegantly
exploited this feature to study the antigenic targets associated with a clinical remission
induced by DLI in a CML patient (70). The antigen identified, CML66, is expressed in CML
blast crisis, AML and on normal myeloid progenitor cells but not other normal tissues (71)
and is the target of both B and T cell immunity after CD4+ donor lymphocyte infusion in
CML (72). Strikingly, CML66 specific immunity was first detectable after DLI, and just
prior to the decline of Bcr-Abl positive cells in the index patient, peaking when a complete
molecular remission was first documented, and persisting for over a year.

While many individual human LAAs have now been described it is unfortunately not yet
possible to integrate this information into a complete systems-level understanding of the
character of the immune response in those patients whose leukemia is well controlled. Given
that the immune system can be effective in controlling leukemia, and that the T cell appears
to be an important component of this response, it is reasonable to hypothesize that the
functional T lymphocyte repertoire against leukemia antigens would differ for patients
having different clinical outcomes (e.g. differences should be able to be observed in
remission versus relapsed disease settings) and it is on this basis that clinical trials of
vaccination to induce leukemia-specific immunity have proceeded.
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Clinical Monitoring: Considerations for the Development of Immunotherapy
for Hematologic Malignancies

A major challenge for virtually all forms of cancer immunotherapy is the development of
immunologic biomarkers or upstream surrogate endpoints that reflect the relevant biological
mechanism of action of the therapy. Such assays should ideally be able to quantitatively
distinguish key features of robust versus weak immune responses, enabling meaningful
comparisons between groups, such as subjects given the same vaccine with different
adjuvants, or on a different schedule or dose. However, because such responses may be
necessary, but not always sufficient for tumor rejection, these measurements may have more
negative than positive predictive value for clinical responses unless examined across large
numbers of patients. In any event, the vetting of a candidate biomarker still begins with
clinical associations and therefore requires reasonable numbers of patients deemed to be
“clinical responders”, a limitation that has plagued many immunotherapy studies in solid
tumor patients.

As described above, immune mediated clinical responses are not uncommon in hematologic
malignancies. In addition, it is possible to molecularly quantify systemic changes in tumor
burden at a limit of detection approaching one in a million cells for most cases of leukemia,
lymphomas, and myeloma. As such, clinical responses to immunotherapy can be made in
real-time in the setting of MRD. In spite of these opportunities however, the correlation
between clinical responses and immune responses to the multitude of LAA that have been
identified has not been rigorously studied. The next phase of leukemia immunology research
will need to integrate observations regarding the size, composition and character of human
immune responses against a wide range of LAA in patients from both longitudinal
observational studies as well as clinical vaccination trials with hard clinical endpoints.

The challenge of assessing the human immune response to optimize vaccination has been
discussed elsewhere (73–75) and while a universally agreed upon set of parameters to
comprehensively document and compare immune responses between individuals has not yet
been established, initial efforts at standardization have been made (75–77).

Measurable parameters range from the descriptive phenotyping of whole lymphocyte
populations (78) to more sophisticated monitoring of individual antigen-specific responses
in patients versus controls (79), in patients over time as a function of antigen expression and
disease burden (51, 57) and the correlation of specific induced responses with defined
clinical circumstances; for example following DLI in CML (71, 72) and CLL ((80). Whereas
there is obvious scientific appeal for the more precise measures of the frequency and
function of T cells of a defined specificity, it must be acknowledged that seemingly crude
readouts such as delayed type hypersensitivity reactions to irradiated leukemia cells often
correlate more closely with clinical benefit, perhaps because they reflect the summation of
the global response rather than any single component. Furthermore, because chemotherapy
for hematologic malignancies profoundly alters normal lymphocyte homeostasis, measures
of the absolute and relative numbers of lymphocyte subsets (irrespective of specificity) is a
key parameter of all immune assessments in this patient population. Finally, with relevance
to measuring systemic immunomodulation and changes to the tumor microenvironment,
serial gene expression profiling of the bone marrow (a site routinely sampled in standard of
care) has the potential to reveal global patterns of the effector response most likely to impact
on disease control or progression.

At the level of quantifying individual antigen specific responses, there are important
differences in the methodology typically used for analysis of cytotoxic/cellular immunity
compared to humeral responses. Antibody responses can be assayed by titering based on
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binding to antigen alone (e.g. ELISA) whereas conventional immunological assays for T and
NK function typically depend on functional capacity (e.g. assays of proliferation, cytokine
production, ELISPOT (81), intracellular cytokine production, cytotoxic killing). However
the immune response to cancer antigens in patients with hematological malignancies is by
definition suboptimal (82, 83), and defects in the functional capacity of potentially
responsive cells is likely to be underestimated by such methods. To accurately assess the full
repertoire of potential T cell responses to leukemia antigens, including those that have been
rendered functionally unresponsive by peripheral tolerance, anergy or exhaustion, it may be
necessary to utilize assays more analogous to the methods used to detect antibody responses.
For example MHC tetramer staining (84) and/or TCR whole repertoire sequencing
technology (85) are likely to offer insights that would be missed by conventional functional
T cell assays alone. Again, comparison of both the frequency and function of such
populations between the blood and the marrow are likely to reveal important differences.
For example it has been shown that CD8+ T cells against LAA in patients with myeloid
leukemia can be found in the bone marrow, but not the peripheral blood (86).

Current Immunotherapy Approaches: Induction of Effector Immunity
Investigational immunotherapy approaches for the hematological malignancies can broadly
be broken into two major, complementary and overlapping, classes; direct induction and/or
amplification of effector immunity versus immunomodulation of an ongoing response,
potentially within a tolerant host milieu. Any successful immunotherapeutic strategy is
likely to include elements from both classes.

Direct induction of effector immunity is perhaps the most familiar conceptually, given the
similarity to traditional clinical vaccination approaches commonly used in the prevention of
infectious diseases. Nevertheless, the immunobiology of priming an immune response to
persisting antigens present long before vaccination, and to which some degree of
endogenous immune recognition is ongoing, is quite distinct from prophylactic vaccination
of a naïve host (87) (88).

Many recent and ongoing attempts have been made to directly induce effector immunity by
vaccination with known cancer antigens as described in the previous section. Peptide
specific approaches have largely been limited to epitopes within those proteins restricted by
common HLA alleles such as HLA-A*0201 or HLA-A*2402. Typically these trials have
been conducted using subcutaneous injections of peptide in an adjuvant preparation (e.g.
Montanide (89)) and often with concurrent GM-CSF (Table 1). This general approach
showed some promising early success using WT-1 and PR-1 epitopes (90)(91) but
unfortunately follow-up reports have shown this to be insufficient when used alone to
maintain sustained high avidity LAA-specific responses (92).

Attempts have been made to vaccinate using the potential neo-antigen created by the unique
protein sequence of the Bcr-Abl fusion product of the Philadelphia chromosome (seen in
almost all cases of CML and approximately 25% of adult cases of ALL). A phase II study in
CML patients using vaccination with a panel of six Bcr-Abl breakpoint junction derived
peptide epitopes restricted by HLA-A2, A3, A11 and HLA class II demonstrated induction
of antigen-specific CD4+ T cell responses in 11 of 14 patients but CD8+ responses in only 4
of 14. Assessments of vaccine clinical efficacy were not possible as patients concurrently
received a variety of other therapies (including interferon, imatinib mesylate, DLI) (93).
Attempts were made to improve the immunogenicity of these peptide vaccines in respect to
class I restricted responses by generating synthetic immunogenic analog peptides
(“heteroclitic peptides”) with improved binding to MHC Class I (94). Unfortunately in a
subsequent phase II trial of both naïve and heteroclitic peptides performed in CML patients
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on stable dose imatinib mesylate only 3 of 10 patients had a 1 log reduction in Bcr-Abl
transcript level (95). An alternative strategy using these naïve peptides, both alone and also
fused with the 15-mer PADRE (pan DR epitope) sequence for adjuvant effect, was more
successful in Phase I/II trial of adults with CML on stable imatinib (96). 14 of 19 patients
developed T cell responses to Bcr-Abl peptides, and 13 of the 14 patients in a major
cytogenetic response at baseline developed at least a 1 log decrease in Bcr-Abl transcript
level. Unfortunately the induced T cell responses were only transient, peaking at 64–92 days
and largely absent after six months. Similar kinetics have since been observed in healthy
volunteers vaccinated with these peptides again calling into question the immunogenicity of
Bcr-Abl as a cancer antigen (97).

In an attempt to overcome the limitations of peptide vaccination (i.e. the need to have
identified the specific antigen/epitope, the necessity for selecting patients expressing a given
HLA allele, and the unknown hierarchy of antigenic dominance within the spectrum of
LAA), clinical trials using whole cell vaccination have been performed; either with an
irradiated genetically modified allogeneic leukemia cell line, autologous tumor cells, or a
combination of the two. For example, the K562 cell line, derived from blast crisis phase of
CML, has been transfected with a plasmid vector encoding human GM-CSF, a potent
immunomodulatory cytokine that promotes DC maturation (98)(99) and “cross-
presentation” of antigens captured by DCs that are released from the irradiated cell line
(100). Such “cancer cell-based” vaccines (“GVAX”) have been used in a number of vaccine
formulations (101)(102). As a “stand alone” allogeneic tumor cell vaccine for myeloid
leukemias, K562/GM-CSF cells express high levels of several known LAA candidates
including WT-1, PRAME, RHAMM, survivin, and the Bcr/Abl p210 fusion protein, and as
such, might be considered a “polyvalent vaccine” when used as an allogeneic source of
tumor antigen. In a pilot study of K562/GM-CSF vaccination in CML patients who had
persistent measurable disease despite a year or more (median 37 months) on imatinib
mesylate (Gleevec), 13 of 19 vaccinated patients had a progressive decline in disease
burden, 8 of whom had increasing disease burden before vaccination (103). A total of 7
patients became PCR undetectable following the initiation of immunotherapy at a median of
24 (range 6–82) weeks from the start of vaccination. Five patients achieving a complete
molecular response (CMR) continue to show evidence of response @ 6, 6, 18, 24, and 28
months while 2 others had short-lived CMR of 3 and 5 months. 5 of the 19 subjects can be
categorized as vaccine responders having achieved a lasting CMR with a clear “inflection”
in their measured disease burden bracketing the vaccination period. A follow up study is
ongoing to see if patients who achieve a sustained CMR following vaccination can
discontinue Gleevec.

Hematologic malignancies, especially leukemia, represent the most feasible setting in which
autologous tumor cell vaccine approaches might be developed. Leukemia cell collection
(typically by blood draw or apheresis), irradiation, and cryopreservation are within the
technical capabilities of most centers that treat leukemia. As an example, an autologous
leukemia cell-based vaccine trial was conducted for newly diagnosed AML patients <60
years old, in which the vaccine formulation consisted of a defined mixture of irradiated
autologous leukemic blasts with K562-GM-CSF cells. This “bystander GVAX” platform for
AML maintains the advantages associated with using autologous tumor (i.e. not assuming
“shared antigens”) without the need for in vitro manipulation or individualized ex vivo gene
transfer (104). In support of the feasibility of this approach, of 54 subjects enrolled in this
multi-institutional clinical trial, sufficient leukemia cell numbers (median 5.6 ×109 cells
collected) for > 9 vaccine cycles were obtained from all but one patient.

A critical element of any novel therapy being developed for hematologic malignancies is
how to best integrate the treatment with existing standards of care. In the AML vaccine trial
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noted above, vaccination was integrated into the platform of autologous hematopoietic stem
cell transplantation (HSCT). This work was based on mouse models that revealed two key
opportunities in this setting (105). First, vaccination of syngeneic donor mice followed by
the transfer of vaccine primed T cells into conditioned tumor-bearing transplant recipients
exerted a potent anti-tumor response that was accompanied by dramatic expansion of tumor
specific T cells in the recipient. Second, the response to recipient vaccination given in the
post-transplant period during a defined period of immune reconstitution far exceeded
vaccine responses generated during the immune steady state. This latter finding was
subsequently shown to be at least partially attributable to effector cells “outcompeting”
regulatory T cells (Tregs) during lymphopenia and homeostatic expansion, resulting in an
increase in the effector: Treg ratio (106) (107).

Based on these pre-clinical findings, AML patients who achieved a complete remission with
cytotoxic chemotherapy were first vaccinated after full recovery from consolidation
chemotherapy and autologous stem cell collection. Two weeks after this single vaccination,
aphersis was performed to collect “vaccine-primed lymphocytes”. Following myeloablative
conditioning, adoptive transfer of “vaccine primed T cells” accompanied the stem cell
infusion. Post-transplant booster vaccinations were initiated 6 weeks post autologous HSCT
and given every 3 weeks × 8 vaccinations. For the 46 patients who achieved complete
remission, the relapse-free survival (RFS) at 3 years was 47.4% and overall survival (OS)
was 57.4%. 28 patients received at least one vaccine and the relapse-free and overall
survival at 3 years was 61.8% and 73.4% in this group, respectively. Delayed-type
hypersensitivity (DTH) reactions to autologous tumor were present in 2 subjects at baseline
and were induced post vaccination in 7 other subjects. Conversion from DTH− to DTH+
was associated with a longer relapse-free survival (RFS) at 3 years (100% vs. 48%, p =
0.029). Of the 16 pts with molecularly detectable MRD on the day of the pre-transplant
vaccine 11 (68.8%) showed a 1-log or greater decline in tumor burden two weeks later (at
the time of the vaccine primed lymphocyte apheresis). Intriguingly, patients who met this
criterion had longer RFS than those without a vaccine associated fall in molecular MRD
(median, 37.0 vs 9.0 months, P .029; 3-year RFS 60.6% vs 0%) (108).

The integration of vaccines is also being pursued in the context of Allo-BMT. Soiffer and
colleagues immunized high-risk AML or MDS patients with irradiated, autologous, GM-
CSF-secreting tumor cells early after allogeneic, nonmyeloablative HSCT. Despite the
administration of a calcineurin inhibitor as prophylaxis against GVHD, vaccination elicited
local and systemic reactions that were qualitatively similar to those previously observed in
nontransplanted, immunized solid-tumor patients. While the frequencies of acute and
chronic GVHD were not increased, 9 of 10 subjects who completed vaccination achieved
durable complete remissions, with a median follow-up of 26 months (range 12–43 months)
(109). Whereas the ability to prime systemic vaccine responses in Allo-BMT patients on
pharmacologic immunosuppression is a welcome, if not surprising finding, one major
advantage of the Allo-BMT setting is the availability of the healthy donor’s immune system,
with a presumably fully functional T cell repertoire. In this regard, strategies for immunizing
the donor as a means to augment adoptive transfer of primed lymphocytes have obvious
theoretical appeal. In animal models, priming allogeneic donor mice with recipient tumor
cell-based vaccines exacerbated lethal GVHD (110), presumably by priming donor T cells
against recipient minor histocompatibility antigens, whereas recipient vaccination was well
tolerated once tolerance to host antigens is already established (111). Importantly, while
immunization of donors to recipient minor antigens has been shown to exacerbate GVHD in
mouse models, in clinical trials, donor immunization to defined antigens such as hepatitis B
(112), pneumococcal antigens (113), tetanus–diphtheria, Haemophilus influenzae type b and
inactivated poliovirus (114) did not increase the incidence or severity of GVHD, and
evidence for the transfer of donor vaccine primed immunity was observed in transplant
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recipients. Indeed, there is evidence that vaccine-primed tumor immunity can be transferred
from donor to recipient in the context of either allo or syngeneic BMT. Kwak and colleagues
immunized 5 HLA matched donor-recipient pairs undergoing BMT for the treatment of
multiple myeloma with patient idiotype (Id) protein conjugated to keyhole limpet
hemocyanin (KLH) (115,116). Although all donors responded to pre-BMT vaccination, the
patients did not. After BMT however, donor derived T cell responses and antibody to Id and
KLH were seen in the three patients who survived past transplant day 30. Immune responses
increased after recipient vaccination, and persisted for 18 months in association with a
conversion from partial to complete clinical remission. At last follow-up, two patients were
alive and disease-free 7 and 8 years after transplantation, while one patient died of renal
failure after 5.5 years while in complete remission from myeloma. This small proof of
concept study established the ability to transfer donor vaccine primed T cell and antibody
responses, and suggests that donors might be able to be safely immunized against other fully
“non-self” defined LAA as a means to improve the outcome of allo-BMT.

Two other cell-based vaccination approaches are worthy of mention. Firstly, infusion of
activated DCs either after pulsing with tumor lysate, a peptide of interest, or after
transfection with mRNA encoding the target protein antigen such as WT-1 (117) is being
studied in an attempt to harness the migratory capacities, superior antigen presentation and
co-stimulation of this cell type. The optimal DC isolation, culture, and maturation conditions
remain to be defined, and variables such as the best route of administration and distribution
are still being evaluated, but clear evidence of biological activity has been reported in small
pilot clinical trials, including increased levels of WT1 specific T cells and conversion of
partial to complete remissions. Efforts are currently ongoing in larger trials that have both
immunological and clinical endpoints. Secondly, DCs can be successfully generated from
AML blasts in vitro (118, 119). Such cells have been shown to retain the expression of some
relevant antigens and be capable of stimulating defined T cell populations in vitro.
Nevertheless, the in vitro protocols for generating the cells involve classic cellular
differentiation that by definition alters the gene expression profile relative to the transformed
leukemic cells against which immunity is sought.

Finally, as noted above, adoptive cellular therapies truly had their origin in the treatment of
hematologic malignancies/bone marrow transplantation, and it is remarkable to observe that
many of the most promising immunotherapeutic treatments for metastatic solid cancers such
as melanoma now are built on fairly classic myeloablative BMT platforms (120). Since
adoptive cellular therapies for have been extensively reviewed elsewhere (121–123) a
thorough discussion will not be given here, although it should be noted that with relevance
to hematologic malignancies, strategies being pursued include; the infusion of EBV specific
T cells in the treatment of EBV associated lymphoproliferative disease (5), ex-vivo
expanded CTLs against minor histocompatibility antigens (124), polyclonal ex vivo
expansion and infusion of marrow infiltrating lymphocytes (MILs) (125), “KIR-
mismatched” NK cells following a T-cell depleted haplo-identical HSCT (126), and transfer
of antigen specificity by transduction of a T-cell receptor (TCR) or chimeric antigen
receptor (CAR) by gene-transfer in autologous cells (27, 28, 127–131). Whereas each of
these platforms has shown exciting signs of clinical efficacy, issues pertaining to persistence
of the progeny of the infused cells and pathways of immune escape remain areas of active
investigation likely to vastly improve the outcome of these approaches.

Current Immunotherapy Approaches: Immunomodulation Strategies
It has been recognized for at least a decade now that the interactions between the immune
system and cancer are bi-directional with reciprocal editing, evolution and prolonged phases
of dynamic equilibrium (132–134). Changes in the antigenicity of tumors due to immune
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selective pressure have been well described (11, 133) as has suppression of immune
effectors by the tumor microenvironment by CD11b+ GR1+ myeloid-derived suppressor
cells (MDSCs), production of Indoleamine 2,3-dioxygenase (IDO), CD4+CD25+ FOXP3+
Tregs or by secretion of immune-suppressive cytokines (eg: IL-10, TGF- and VEGF) from
tumor stroma or the cancer cell itself (135). There is both preclinical (136) and clinical (92)
evidence that any attempt to induce cancer specific effector immunity by, for example,
peptide vaccination strategies alone may be counterproductive and in fact increase tolerance
and Tregs and/or delete the high-affinity antigen-specific portion of the T-cell repertoire.

While there are likely to be disease specific differences between the dominant resistance
mechanism(s) to immune effector cell generation, maintenance, and execution of effector
function, each of the pathways described below have been reported to varying degrees in
patients with hematologic malignancies. As strategies for circumventing these barriers are
tested, it will be of paramount importance to identify which of the many (but finite)
resistance pathways is being exploited by the cancer to evade immune elimination.

Tregs
In contrast to the nearly uniformly negative prognostic value that Treg frequency has for
most solid tumors, correlations between the abundance and localization of Tregs with
clinical outcomes is quite variable in hematological malignancies (137). In the case of AML,
the frequency of circulating Tregs at presentation has been reported to be higher than normal
controls (138–140). Patients with persistent disease after induction therapy had higher Treg
frequencies at clinical presentation than those who achieved complete remission to
chemotherapy (138). During the period of early lymphocyte recovery after intensive AML
induction chemotherapy, recovering T lymphocytes were reported to be predominantly
CD4+ and included a greatly expanded population of CD3+CD4+CD25+Foxp3+ T cells (78).
Recovering Tregs were phenotypically activated and showed suppressive activity in vitro.
Furthermore, these cells showed marked oligoclonal skewing, suggesting that their
peripheral expansion was antigen-driven. In spite of these data, there are no published
studies in AML evaluating the correlation between Treg frequencies (and/or effector/Treg
ratios) in blood or marrow, either at presentation or remission, with clinical outcomes such
as remission duration or overall survival.

In the case of follicular B cell lymphoma (FL), high numbers of infiltrating Tregs in the FL
microenvironment have been correlated with a favorable prognosis (141–144). When
evaluating clinical parameters, FL patients who present with low numbers of tumor
infiltrating Tregs are more likely to have refractory disease. Similar findings have been
reported for subsets of diffuse large B cell lymphoma (DLBCL). As these are entirely
descriptive studies, these immunologically counterintuitive findings lack a clear mechanistic
explanation, but the findings have been consistent across many studies, prompting some to
speculate that the Tregs may exert a degree of regulation on the B lymphoma cells directly.

Indoleamine 2,3-dioxygenase (IDO)
IDO degrades the essential amino acid tryptophan (Trp) and produces kynurenine (Kyn),
resulting in immune tolerance by reducing the local concentration of Trp required by T cells,
and by directly inhibiting T and NK cells through Kyn and its derivatives (145). First
identified as being essential during pregnancy for preventing immune mediated rejection of
the fetus, IDO has since been shown to be produced in the microenvironment of several
cancers, as well as in draining lymph nodes. A positive feedback loop between IDO
production, induction of Tregs, and tolerogenic DCs has also been established. IDO
production has been shown to correlate with Treg frequency in patients with AML at
diagnosis (138), and serum Kyn/Trp ratios correlated with reduced survival (146). IDO was
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also reported to be abundantly expressed in 32% of 119 cases of DLBCL in both the
lymphoma cells themselves and the tumor resident DCs. Complete remission rates to
chemotherapy plus rituximab in patients with IDO-positive DLBCL and IDO-negative
DLBCL were 55.3% and 79.0% (p=0.008), while 3-year overall survival rates were 49.8%
and 78.8%, respectively (p=0.0003) (147) suggesting this resistance pathway may be
important in a subset of patients with this disease.

B7-H1 (PD-L1)
Programmed death-1 (PD-1) is expressed on activated T cells, B cells and monocytes and
delivers an inhibitory (and/or proapoptotic) signal to T cells crucial for regulating peripheral
tolerance (148). In the face of persistent antigen exposure (e.g. chronic viral infection, HIV
(149), Hepatitis (150), “exhausted” T cells upregulate PD-1 and display impaired effector
function that can be reversed by PD-1 blockade (151). Two known ligands (PD-L1 and PD-
L2) have distinct patterns of expression, but PD-L1 has been demonstrated to be expressed
by a significant fraction of solid tumors, and its blockade (via antibodies) unmasks
endogenous anti-tumor immunity (152). The data pertaining to PD-L1 expression in AML is
controversial, with some studies reporting a low frequency of expression (153) and others
reporting an expression rate of 57% and 66% in M4 vs. M5 AML respectively (154). Some
of this discrepancy may relate to PD-L1 expression being inducible by cytokines such as γ-
interferon. In the case of B cell lymphoma, PD-L1 was reported to be expressed in nearly all
anaplastic large cell lymphoma cell lines and in 24% of primary DLBCL. In vitro antibody
blockade of lymphoma cell: T cell co-cultures enhanced the secretion of several
inflammatory cytokines, again suggesting a role for this resistance pathway in a subset of
patients.

Interestingly, both classical Hodgkin lymphoma (cHL) and mediastinal large B cell
lymphoma (MLBCL) are diseases that share a number of molecular features and can be
characterized as often having minority of malignant cells within a predominant
inflammatory infiltrate, suggesting these tumors require a local immune resistance
mechanism to persist. Shipp and colleagues utilized transcriptional profiles together with
high-resolution copy number data from micro-dissected cHL and MLBCL samples, and
identified a disease-specific structural alteration (chromosome 9p24.1 amplification) that
increases the gene dosage of PD-1 ligands in both cHL and MLBCL (155). These findings
suggest that these tumors may be particularly responsive to PD-1 ligand/PD-1 receptor
blockade.

Soluble NKG2D ligands
NK cells and subsets of CD8+ T cells express an activating receptor, NKG2D that triggers
cytolytic activity (and in the case of T cells, co-stimulation). Ligands for NKG2D include
MICA, MICB, ULBP1-4, and RAET1, which although distinct, have in common their
induced expression on cells undergoing genotoxic stress, including most cancers (156). This
pathway plays a key role in cancer immune surveillance. Cancers can escape this
immunologic selective pressure by cleavage of NKG2D ligands from the surface of
transformed cells via the enzyme protein disulfide isomerase, resulting in readily detectable
“soluble” NKG2D ligands in the serum that down regulates NKG2D expression on T cells
and NK cells, inhibiting their lytic capacity (157). Low level expression of NKG2D ligands
has been reported on AML blasts, which could be upregulated with differentiating agents in
association with increased sensitivity to NK cell-mediated lysis (158). Whereas estimates of
the frequency of soluble ligands in AML patients vary (159), in the aforementioned AML
vaccine trial conducted in the setting of Allo-BMT, 13/15 immunized subjects had high
levels of soluble MICA and MICB at study entry (160). Similar to earlier reports from this
group in solid tumor patients, 6 of 7 long-term responding subjects with detectable shed
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NKG2D ligands showed significant decreases in response to post-transplant vaccination, and
in 2 long term responders, these decreases were associated with restored NKG2D expression
on NK cells. Interestingly, in the case of CML, one of the factors influencing MICA
expression is the Bcr/Abl fusion gene, and NKG2D ligand expression by cells in the CML
lineage is blocked by imatinib (161), making these cells less recognizable by NK cells.

NKG2D ligand regulation has also been shown to play a role in the progression of plasma
cell dyscrasias, from the precursor known as monoclonal gammopathy of undetermined
significance (MGUS) to overt multiple myeloma. Whereas plasma cells from MGUS
patients were shown to express MICA as compared to normal donors, in the evolution to
myeloma, plasma cells shed MICA, triggering the down-regulation of NKG2D and
impairing lymphocyte cytotoxicity. Remarkably, some MGUS patients were found to have
endogenous anti-MICA antibodies that antagonized the suppressive effects of sMICA.

Based on the above, a variety of approaches targeting each of these immune resistance
pathways are under development, seeking to tip the balance of cancer-specific responses
from tolerance/resistance to effector function. Most of these are in early phase clinical trials,
and only a few have been tested in significant numbers of patients with hematologic
malignancies. These targets provide a wealth of opportunity for the astute clinical
investigator who has a detailed appreciation for the specific diseases and the underlying
immunobiology that is ripe for exploiting.

Discussion: Future Directions
In patients with clinically active maligancies, the immune response to cancer is by definition
suboptimal. This review has focused on the current approaches to both define the potential
for the immune system to recognize and control the hematological malignancies and
investigate how such responses can be augmented. The challenge remains to correlate
clinical outcomes with observed variations in human immunity. It is increasing clear that the
interplay between the immune system and cancer is dynamic with clear bi-directional
immunoediting over the lifespan of the cancer and the host (134). Attempts to co-opt the
immune system as a therapeutic agent for these diseases therefore must be sophisticated and
rationally designed based on an understanding of the un-manipulated natural history of
immune responses to these malignancies. An example of the potential for harm was recently
highlighted by the report that repeated vaccination and boosting with PR1 and WT1 peptide
in patients with myeloid malignancies, while resulting in transient anti-leukemia immunity,
ultimately led to selective deletion of high-affinity peptide specific CD8+ T-cells while
maintaining low-affinity responses (92).

Careful analysis of clinical material from patients during all stages their disease, from cancer
diagnosis to remission, relapse and survivorship is needed, along with information on the
unedited potential immune repertoire against hematological malignancies from patients
without cancer, to build a complete and coherent foundation upon which subsequent clinical
trial efforts can be built. This is unlikely to come from systematic large-scale investigation
but rather from integration of carefully performed immune correlate data collected during
clinical trials and following standard-of-care therapies (e.g. chemotherapy, transplantation,
donor lymphocyte infusions).

In addition to the use of the immune system as therapeutic tool, significant opportunities
exist to use observed responses as a marker of MRD or as a sensitive biomarker for relapse
risk. Efficacious therapeutic use, by contrast, will likely require induction of specific
immunity via vaccination and/or adoptive transfer in the context of immunomodulation such
as immune checkpoint inhibition in the appropriate patient, disease, and phase of treatment.
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Clinician scientists trained in the “fourth arm” of cancer therapy have an unprecedented
opportunity to exploit the interface between disease specific cancer biology and the host
response to tame the beast within.
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