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Despite the remarkable progress made in some leukemias such as CML and CLL, cytotoxic treatment for AML remains essentially

unchanged over the last 4 decades. Several lines of evidence, including the graft versus leukemia effect associated with allogeneic

hematopoietic stem cell transplantation (HSCT), suggest that immunotherapy is an active modality in AML. Given the lack of progress

for chemotherapy in this disease, many novel immunologic treatment approaches have been explored. The goals of non-transplant-

based immune approaches have largely consisted of the stimulation or restoration of endogenous immune responses or the targeting

of specific tumor antigens by immune cells. These strategies have been associated with less toxicity than allogeneic HSCT but typi-

cally have inferior efficacy. Allogeneic HSCT exploits major and minor histocompatibility differences between the donor and recipient

in order to recognize and eradicate malignancy. With the recognition that the immune system itself provides a basis for treating AML,

immunotherapy continues to be an attractive modality to exploit in the treatment of this disease. Cancer 2015;121:2689-704. VC 2015

American Cancer Society.
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INTRODUCTION
Acute myeloid leukemia (AML) arises from leukemia stem cells, which have the ability to self-renew and sustain malignant
populations and to produce subclones. Leukemia stem cells vary in genetic expression and transcription, immunopheno-
type, and potential for differentiation.1 Aberrant activation of signal-transduction pathways promotes the proliferation
and survival of leukemic stem cells, and extracellular cues from the microenvironment allow leukemic stem cells to usurp
normal stem cell niches.2

Forty years ago, the successful treatment of AML was reported using 3 days of an anthracycline combined with 7
days of continuous-infusion cytarabine.3 Since then, many variations in AML chemotherapy regimens have been devel-
oped with little success beyond this decades-old standard. This is not surprising given that any one chemotherapy
approach is unlikely to address the multitude of biologic processes associated with the evolution of AML clones. Because
AML alters normal immunologic function, strategies to restore immunologic control of the disease have been developed
in an attempt to increase the frequency and quality of responses. Treatments using cytokine therapy, monoclonal antibod-
ies (MoAbs) with or without conjugation, and AML vaccines have met with various levels of success. Some agents have
been associated with a lack of efficacy when used in human clinical trials. Others have demonstrated activity against AML,
but the inability to identify optimal treatment contexts or combinations with other therapies has abrogated successful use.
Allogeneic hematopoietic stem cell transplantation (HSCT) is the most successful of the immune-based therapies for
AML, especially with the advances made in the use of alternative donors over the past decade. However, given the toxicity
of HSCT, investigations into the use of immunotherapies that have the activity of HSCT without the associated side
effects are ongoing. The recent development of novel T-cell–based immune therapies, initially applied to the treatment of
B-cell malignancies, represents an exciting new area of investigation in AML immune therapy. A review of these different
immune-based approaches follows and is listed in Table 1.

Nontransplantation Approaches to AML Immunotherapy
Cytokine therapy

In patients with AML, several tumor-induced processes that impair T-cell and natural killer (NK)-cell immunologic func-
tions have been identified in the failure to control leukemia. The use of exogenous cytokines to restore T-cell and NK-cell
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effector functions and, by extension, antileukemic effects
represents immunologic strategies that have been
attempted in leukemia treatment. Various cytokines have
been used in the treatment of AML, but interleukin 2 (IL-
2) and interferon-a have been the most widely
investigated.

IL-2. Interest in the use of IL-2 for cancer therapy began
with the recognition that this cytokine could stimulate
tumor-infiltrating lymphocytes.4 At higher doses, IL-2
provokes type 1 helper T-cell responses; whereas, at lower
doses, it demonstrates both immune-enhancing and
immune-suppressive activities.5 More than 2 decades ago,
it was recognized that IL-2 therapy may be associated with
antileukemic effects in patients with minimal disease
burdens,6 and the majority of trials with IL-2 have
occurred in the setting of AML postremission therapy.
Unfortunately, a meta-analysis combining patient data
from 6 randomized clinical trials failed to demonstrate
any benefit from IL-2 monotherapy in extending
leukemia-free survival (LFS) or overall survival (OS).7

This lack of benefit may be caused by the down-
regulation of IL-2–stimulated effector cells by normal
negative-feedback mechanisms8 or by the concomitant
action of IL-2 in the generation and activation of regula-
tory T cells.9 It has been demonstrated that increases in T-
cell–regulatory responses impair antileukemic T-cell reac-
tivity.10-12 The inability to demonstrate the efficacy of IL-
2 therapy in AML may also be a result of problems with
experimental methodologies and an inability to deliver
planned therapy. Trials testing the efficacy of IL-2 have
been characterized by heterogeneous populations and
drug schedules and, more recently, by the inability to con-
clusively assess outcomes because of patient attrition.13

Such factors potentially affected the results from those
trials, obscuring the possibility that IL-2 may be beneficial
in certain contexts.

Interferon-a. The cytokine interferon-a is a type I inter-
feron that has been used as an immune-stimulatory treat-
ment for both solid tumors and hematologic
malignancies.5,14 It promotes the stimulation and cross-
priming ability of dendritic cells (DCs),15,16 the sensitiza-
tion of T cells to IL-2,17 and the enhancement of NK-cell
cytotoxicity.18 Interferon-a–activated monocytes inhibit
malignant growth and induce apoptosis in tumor cells19;
and, in addition to its immune-stimulating properties,
interferon-a has been associated with direct inhibitory
effects on leukemic cells.20-22 Interferon-a has been used
in the settings of AML induction therapy, postremission

therapy and in the treatment of relapsed AML after
HSCT.22 Despite the strong theoretical basis for the use
of interferon-a in the treatment of AML,23 clinical data
supporting a benefit for this therapy are lacking.20,22 For
example, there was no favorable impact on the risk of
relapse, LFS, or OS with the receipt of interferon-a in
AML postremission therapy in the Medical Research
Council trial MRC-11, which was one of the largest anal-
yses examining interferon-a in this setting.24 The more
recent finding that stable levels of interferon-a are impor-
tant for its antileukemic effects25 has brought into ques-
tion the results from older trials in which intermittent
dosing schedules may have accounted for heterogeneous
results.20 Although the use of pegylated interferon-a
would be expected to provide more continuous levels of
the cytokine, only a few case reports supporting its use in
the treatment of AML have been published.26,27

Despite significant antileukemic effects in vitro,
clinical trials using cytokine monotherapy for patients
with AML have been largely disappointing. The many
abnormalities associated with the development of AML
clones likely render this form of immune stimulation
alone ineffective, and combined approaches may be more
successful. For example, sonic hedgehog (Shh) is

TABLE 1. Therapies Reviewed

Nontransplantation-based immunotherapy

Cytokine therapy

Interleukin-2, interferon-a

Cytokine combination therapy

MoAbs

Unconjugated MoAb

Lintuzumab

Conjugated MoAbs

Gemtuzumab ozogamicin

SGN-CD33A

Radiolabeled MoAbs

b Particles

a Particles

AML vaccines

Peptide

GM-CSF

Dendritic cell

Transplantation-based immunotherapy

Allogeneic HSCT

Matched related HSCT

Matched unrelated HSCT

NK effects in HSCT

Haploidentical HSCT

Cellular therapies with nonengraftment

Haploidentical donor lymphocyte infusions

Future directions

Chimeric antigen receptors

Bifunctional antibodies

Abbreviations: AML, acute myeloid leukemia; GM-CSF, granulocyte-macro-

phage–colony-stimulating factor; HSCT, hematopoietic stem cell transplan-

tation; MoAbs, monoclonal antibodies; NK, natural killer cell; SGN-CD33A,

anti-CD33 monoclonal antibody-drug conjugate.
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expressed in AML cells, and Shh signaling has been impli-
cated as a key pathway in tumor progression. The Shh in-
hibitor cyclopamine, in conjunction with immune
stimulators like tumor necrosis factor-a, interferon-a, and
interferon-c, synergistically induced massive apoptosis in
various AML cell lines.28 In a murine study, infusion of
CpG-signal transducer and activator of transcription 3
(CpG-STAT3) small-interfering RNA eradicated AML
by silencing the oncogene STAT3 while simultaneously
stimulating potent tumor-specific immune responses
through several mechanisms, including the up-regulation
of major histocompatibility complex (MHC) class II anti-
gens, the stimulation of proinflammatory cytokines like
IL-12, and an increase in the ratio of cluster of differentia-
tion 8 (CD8; T-cell coreceptor)-positive effector cells to
regulatory T cells.29 Finally, the production of reactive ox-
ygen species by malignant myeloid cells down-regulates
T-cell and NK-cell functions through nicotinamide ade-
nine dinucleotide phosphate oxidase 2 (NOX2). The his-
tamine derivative histamine dihydrochloride inhibits
oxygen radical formation by targeting NOX2 and restores
the ability of IL-2 to activate T cells and NK cells.30,31 In
the setting of postremission therapy for patients with
AML, a phase 3, multicenter, randomized trial of 320
patients demonstrated that the combination of IL-2 and
histamine dihydrochloride significantly extended LFS
compared with observation alone.32

MoAbs

Hematopoietic cells express surface antigens that are criti-
cal for normal immune responses. In 1975, Kohler and
Milstein33 developed a technique for producing antigen-
specific MoAbs that led to the characterization of cell type
and maturational status based on the phenotypical expres-
sion of cell-surface antigens on both normal cells and ma-
lignant cells. The nomenclature of the antigens is based
on a CD number determined by the reaction of MoAbs to
the antigen.34 The potential for MoAbs to bind malignant
cells for targeted eradication with fewer side effects was
quickly recognized. Unfortunately, it was determined that
MoAb-mediated tumor elimination through antibody-
dependent cellular toxicity was limited in the treatment of
AML, especially in the presence of a high disease bur-
den.35 Recognizing the limited activity of naked MoAbs,
some investigators modified these agents to deliver toxins
or radiation.

CD33 (Siglec-3) antigen is expressed on the major-
ity of myeloid leukemic cells and, as such, is an attractive
target for MoAb therapy. The murine M195 MoAb is re-
active to the CD33 on AML cells, which has led to intense

study. Lintuzumab is an unconjugated, humanized ver-
sion of the M195 MoAb constructed on a humanized im-
munoglobulin IgG1 framework combined with murine
complement-determining regions.36 This antibody has
been extensively tested in humans; and, although it was
well tolerated in clinical trials, it was not associated with
meaningful disease response.37-39 The development of
lintuzumab was halted after a phase 3 trial comparing
mitoxantrone, etoposide, and cytarabine with or without
lintuzumab in the salvage setting and a phase 2B trial
comparing low-dose cytarabine with or without lintuzu-
mab both demonstrated no significant survival benefit in
patients who could not tolerate more intensive
chemotherapy.36

Somewhat more promising results were observed
with the use of gemtuzumab ozogamicin (GO), a
recombinant, humanized CD33 MoAb that differs from
lintuzumab in the use of an immunoglobulin G4j anti-
body portion, which is conjugated to the cytotoxic antibi-
otic calicheamicin. The drug was approved by the US
Federal Drug Administration (FDA) in 2000 based in
part on an analysis of 3 phase 2 trials of 142 collective
patients with AML in first relapse. In those trials, the over-
all complete response (CR) rate was 30%, which included
patients who achieved a CR and those who had blast clear-
ance and neutrophil recovery without complete platelet
recovery.40 When larger groups of patients underwent
treatment on phase 2 trials, transient grade 3 or 4 hyperbi-
lirubinemia; elevated transaminases; and, in post-HSCT
patients, veno-occlusive disease were recognized as toxic-
ities associated with the drug.41 The phase 3 Southwest
Oncology Group trial SWOG S0106, which compared
GO plus standard induction therapy versus induction
therapy alone for patients with AML, not only failed to
demonstrate an overall efficacy benefit for GO, but an in-
terim analysis revealed a higher rate of fatal induction tox-
icity in the GO arm, resulting in study closure.42 That
closure ultimately led to a voluntary withdrawal of FDA
approval in 2010. It is noteworthy that the comparatively
increased induction mortality in the GO arm was a result
of the lower than expected mortality rate in the control
arm, and the failure to identify any efficacy benefit in the
GO arm was potentially due to a lower dose of anthracy-
cline used in that patient subset compared with the dose
received in the control arm. Patients in the GO arm who
had good-risk karyotypes experienced superior OS in the
trial, although the difference was not statistically
significant.

In Europe, lower dose or fractionated-dose GO
(3 mg/m2) has been tested in trials in which identical
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AML therapy was received in each arm. In these tri-
als, the drug has been better tolerated and a disease-
free survival benefit for GO has been observed in
patients with de novo AML having favorable43 and in
the case of the ALFA 0701 trial, favorable plus inter-
mediate-risk cytogenetics.44 In a recent meta-analysis
of 5 prospective, randomized, phase 3 trials that
included the latter 2 European trials, the use of GO
in AML induction therapy significantly prolonged
disease-free survival without excessive toxicity, but a
subgroup analysis indicated that its efficacy may be re-
stricted to patients who have favorable-risk cytogenet-
ics.45 In Europe, it has been demonstrated that the
addition of GO to induction chemotherapy prolongs
survival in patients with core binding factor AML.46

The continued successful use of GO in Europe pre-
dicts the potential for renewed interest in the use of
the drug in the United States, and some experts in
the field have called for the FDA to reconsider their
withdrawal of the drug.

The anti-CD33 MoAb-drug conjugate SGN-
CD33A represents a more recent strategy to exploit
CD33 expression on malignant cells. SGD-1882, a potent
DNA cross-linker, is incorporated into the structure of
SGN-CD33A by conjugation with cysteine residues.
Upon binding of the MoAb portion to the CD33 surface
antigen, the molecule is internalized, resulting in cell cycle
arrest and induction of apoptosis. Promising results from
a phase 1 interim analysis of 40 patients (median age, 75
years) with untreated or relapsed AML were presented at
the 2014 American Society of Hematology meeting. Blast
clearance was obtained in 47% of patients at a higher dos-
ing level, and the maximum tolerated dose has not yet
been identified.47

Radiolabeled antibodies

Radioimmunotherapy uses MoAbs conjugated with
radioisotopes to deliver radiation directly to malignant
cells, thereby enhancing both the antitumor effect of the
MoAb and the therapeutic index of the radionuclide.
Determining the best isotope to use requires an under-
standing of the type of particle(s) emitted, the half-life of
the radioactivity, the availability of a suitable chelator
with which to attach the radionuclide to the antibody, an
understanding of the potential for altered binding once
the radionuclide is attached, and the purpose of the treat-
ment. b-Particle emitters have a relatively long range (0.8-
5.0 mm) and low linear energy transfer (approximately
0.2 kiloelectron volts/lm), which allows for the delivery
of radiation to both the target cells and the surrounding

cells. In theory, this “cross-fire” effect makes b-particle–
emitting MoAbs useful for treating large tumor burdens
and irradiating the entire bone marrow before HSCT.
Alpha (a)-particle emitters have a much shorter range
(50-80 lm) and higher linear energy transfer (approxi-
mately 100 kiloelectron volts/lm), which is more effective
for targeting specific tumor cells without damaging the
surrounding cells; therefore, this modality may be more
useful for targeting residual disease or smaller tumor bur-
dens.48,49 Because of the limited availability of both
appropriate chelators and radionuclides, a-particle ther-
apy was not feasible until recently, so the initial work in
this area was performed with b emitters (with or without c
emitters).

b-Particle–labeled antibodies. Iodine-131 (131I), the
most frequently used b-particle emitter, was initially com-
bined with the anti-CD33 (mouse) MoAb M195 in a
phase 1 trial of 24 patients with relapsed or refractory my-
eloid leukemia. Using a novel assessment of tumor bur-
den, the investigators reported that 89% of patients
demonstrated a decrease in leukemic burden in the bone
marrow. Patients who received >135 millicuries/m2

required bone marrow transplantation for count recov-
ery.50 After that study, 131I-M195 and 131I-HuM195 (a
humanized version of M95) were used to intensify condi-
tioning with busulfan and cyclophosphamide (CY) before
bone marrow transplantation, but >69% of patients
developed hyperbilirubinemia during the first month after
transplantation. Three patients remained in remission at
�59 months, and 2 of those 3 patients were children aged
<10 years at the time of transplantation.51 Yttrium-90
(90Y), a b-particle emitter that has a shorter half-life than
131I and, unlike 131I, does not emit hazardous c-rays, has
also been conjugated with HuM195. In a phase 1 trial of
patients with relapsed and refractory AML,52 90Y-
HuM195 demonstrated decreased leukemia burden, but
trials using 90Y-HuM195 as conditioning for bone mar-
row transplantation have not yet been published.49

CD45 (protein tyrosine phosphatase, receptor type,
C) is a glycoprotein expressed on almost all leukocytes,
including the majority of myeloid and lymphoid leukemic
blasts. In an attempt to target radiation specifically to he-
matopoietic tissues, researchers at the Fred Hutchinson
Cancer Research Center (FHCRC) conjugated 131I with
an anti-CD45 antibody, BC8, in a phase 1 study, which
produced increased radiation uptake in the bone marrow,
spleen, and lymph nodes. Subsequent trials at FHCRC
using 131I-BC8 as part of preparative regimens for HSCT
have produced increased radiation to hematopoietic
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tissues, minimal toxicity from 131I-BC8, and disease-free
survival rates as high as 75% at 42 months after
HSCT.35,53,54 Despite these encouraging results, studies
outside FHCRC have not been conducted, and 131I-BC8
remains an investigational agent.

CD66 is a glycoprotein typically expressed on mye-
loid or monocytic cells, but not on AML blasts. There-
fore, anti-CD66 MoAbs are used to concentrate their
conjugate radiation isotopes to the bone marrow and are
not specific to malignant cells. At the Hannover Medical
School in Germany, the b-emitting isotope rhenium-188
(188Re) was conjugated to an anti-CD66 MoAb and
combined with busulfan and high-dose CY as a condi-
tioning regimen for 21 patients with AML or myelodys-
plastic syndrome (MDS), many of whom had refractory/
relapsed disease and were undergoing allogeneic HSCT
primarily from matched unrelated donors (URDs). De-
spite the high-risk status of those patients, the disease-
free survival rate at 42 months was 43%, although toxic-
ity accounted for 29% of deaths.55 The use of anti-
CD66 rhenium radioimmunotherapy as part of condi-
tioning for allogeneic HSCT appeared to be feasible
based on that trial and others, although veno-occlusive
disease,55 relapse,56 and severe gut graft-versus-host dis-
ease (GvHD)57 have been observed at higher than
expected rates in some of those studies. These outcomes
did not appear to be related to direct toxicity from the
188Re-labeled anti-CD66 MoAb itself but, rather, to the
conditioning regimens used in the trials or an interaction
between the conditioning regimen and the MoAb.

Currently, the most promising use of b-particle
radioimmunotherapy may be the targeting of radiation
preferentially to hematopoietic tissues in preparation for
HSCT. Further evaluation, including a phase 3 trial, will
likely be required for these agents to receive FDA approval.

a-Particle radioimmunotherapy. The first human study
with a-particle radioimmunotherapy examined bismuth-
213 (213Bi) conjugated to HuM195 in patients with
relapsed or refractory AML or accelerated-phase chronic
myelomonocytic leukemia. Although no CRs were
obtained, 14 of the 18 patients who received 213Bi-
HuM195 had decreased leukemic blasts in the bone mar-
row.58 Given the high tumor burdens of these patients
and the targeted focus of a-particle radioimmunother-
apy, CRs were not anticipated. A follow-up study in
which patients were pretreated with cytarabine before
they received 213Bi-HuM195 indicated that 213Bi-
HuM195 may increase the efficacy of cytarabine in AML
induction therapy and is able to produce CRs in patients

with previously untreated AML. However, this combina-
tion was unsuccessful in patients with primary refractory
or multidrug resistance-expressing AML.59 Actinium-
225 (225Ac), the more powerful parent isotope to 213Bi,
has been conjugated to HuM195 and is being tested in
patients with AML, with a recent abstract reporting its
safety and antileukemic activity.60 When the maximum
tolerated dose of 225Ac-HuM195 is determined, the CR
and OS rates can be more fully evaluated. Murine mod-
els with another a-particle emitter, astatine-211 (211At),
conjugated to anti-CD45 antibody resulted in targeted
radiation to the bone marrow and spleen with minimal
toxicity, suggesting that 211At–anti-CD45 antibody may
be a promising option as a preparative regimen for
HSCT.61 Despite more than 20 years of clinical research
with radionuclide conjugates in AML, to date, none have
been approved by the FDA for use outside the investiga-
tional setting.

AML vaccines

To stimulate antileukemic responses and thereby control
minimal residual disease (MRD), active immunization
through vaccination has been explored for high-risk
patients after HSCT as well as for non-HSCT candidates
after traditional therapy. Three types of vaccines have
been targeted at AML: peptide vaccines, granulocyte-
macrophage–colony-stimulating factor (GM-CSF) vac-
cines, and DC vaccines.

Peptide vaccines. Peptide vaccines use leukemia-
associated antigens to stimulate CD8-positive cytotoxic
T lymphocytes (CTLs) to target antigen-expressing leu-
kemia cells, but not normal tissues (which lack the tar-
geted antigen). Wilms tumor 1 (WT1) antigen, an
antigen overexpressed in AML that induces CTLs against
WT1-expressing leukemia cells, has been used in several
peptide vaccine studies. Twelve patients with de novo
AML in hematologic CR after therapy were included in
a phase 1 trial of a human leukocyte antigen (HLA)-
A*0201–restricted WT1 peptide vaccine. Five patients
responded to the vaccine, with either the disappearance
of detectable MRD and/or a reduction in WT1 expres-
sion, as determined by polymerase chain reaction in pe-
ripheral blood analysis of mononuclear cells.62 Three of
those patients continued to receive the vaccination after
completion of the initial treatment and remained in CR
8 years later, demonstrating that WT1 vaccination may
eliminate and/or control MRD.

Proteinase 3 is a serine protease that is commonly
overexpressed in myeloid leukemia, and PR1 is a peptide
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derived from proteinase 3 that induces myeloid-targeted
CTLs. Four patients with AML in CR who received a PR1
peptide vaccination remained in CR 4 years after vaccina-
tion. In 8 patients with MDS, chronic myeloid leukemia,
and AML, combined PR1 and WT1 peptide vaccines
increased PR1-positive and WT1-positive, CD8-positive
CTLs 1 week after a single vaccination. The responses
became undetectable after 4 weeks with a concomitant
increase in WT1 transcripts, the marker used for MRD
assessment in the majority of patients, suggesting that con-
tinued vaccination may be more likely to induce a long-
term response. A follow-up study with repeat vaccinations
was not able to demonstrate an increase in WT1-positive,
CD8-positive CTLs after the first vaccination, and the
immune response was lost after the sixth vaccination in all
patients. The receptor for hyaluronic-acid–mediated motil-
ity (RHAMM) is another potential leukemia-associated
antigen used in peptide vaccination that has demonstrated
positive immune responses in AML patients.

GM-CSF vaccines. GM-CSF has also been used to stimu-
late the immune system in conjunction with AML vac-
cines. Seventeen patients with refractory disease or
incomplete responses as well as patients who were not eli-
gible for induction chemotherapy received a combined
GM-CSF and HLA-A*0201–restricted WT1 peptide vac-
cine. Ten of those patients achieved stable disease levels
and an increase in WT1-tetramer–positive T cells, but the
therapy did not produce CRs.63

DC vaccines. DCs mediate the production of antigen-
specific CTLs through their role as antigen-presenting
cells. To date, DC vaccine trials have used leukemic cell-
derived DCs or monocyte-derived DCs. Leukemic cell-
derived DC vaccines, although safe, have demonstrated
only a minimal, transient antileukemic effect that only
developed in a small subset of patients.64 Monocyte-
derived DC vaccines combined with WT1 have demon-
strated immune responses including molecular responses
for some patients in partial remission. It is noteworthy
that HLA-matched, allogeneic, monocyte-derived DCs
may be able to stimulate more CTLs than autologous, leu-
kemic cell-derived or monocyte-derived DCs, opening
another avenue for DC vaccine trials.

Transplant-Based Approaches to AML
Immunotherapy
Allogeneic HSCT

Allogeneic HSCT was initially developed as a method to
reconstitute hematopoiesis after intensive chemoradio-

therapy, and it evolved as a successful treatment only after
the requirement for MHC matching was understood.
Early in the history of this procedure, the development of
GvHD in patients undergoing HSCT was correlated with
decreased rates of leukemia recurrence, providing the first
insights into the graft-versus-leukemia (GVL) effects of
this immune-based therapy. Whereas other treatment
modalities can temporarily control the disease, allogeneic
HSCT appears to have the most potent antileukemic
effect for patients with AML and has produced some
superior survival rates compared with chemotherapy in
patients with intermediate and adverse prognostic fac-
tors.65,66 One caveat is that patients who are considered
for HSCT are typically more favorable treatment candi-
dates, enriching the pool of tested participants in HSCT
trials compared with trials that use chemotherapy. There-
fore, comparisons between allogeneic HSCT results and
results from other therapies should be made with this bias
in mind.

Matched-related HSCT for AML

The largest experience with allogeneic HSCT in the treat-
ment of AML has been with HLA-matched related
donors. The Center for International Blood and Marrow
Transplant Research (CIBMTR) reported 5-year OS rates
in >7000 patients with AML who had early stage disease
(first CR [CR1]) or intermediate-stage disease (�CR2) of
approximately 55% and 45%, respectively, in the last dec-
ade, with much poorer OS in patients who had advanced
disease.67 In addition to disease stage at HSCT, the pri-
mary influences on outcome included age65,68,69 and
cytogenetic subtype. The outcomes reported to the
CIBMTR of 390 patients in CR1 or CR2 undergoing
myeloablative HSCT with favorable, intermediate, or
adverse cytogenetics revealed 5-year OS rates of approxi-
mately 65%, 55%, and 25%, respectively,70 a finding that
was corroborated in the multicenter Dutch-Belgian Hem-
ato-Oncology Group/Swiss Group for Clinical Cancer
Research (HOVON/SAKK) trial.65

In recent years, it has been demonstrated that molec-
ular abnormalities associated with AML have prognostic
implications for patients undergoing primary therapy.
These abnormalities potentially also have a significant
impact on post-HSCT outcomes, although only a few,
such as the FMS-like-tyrosine kinase-3 internal tandem
duplication (FLT3-ITD) mutation, have been examined
in this context. In patients with normal cytogenetics, the
presence of FLT3-ITD predicts for poorer rates of LFS,71

although allogeneic HSCT appears to be associated with
superior disease control compared with chemotherapy
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alone in patients who have this mutation.72,73 The effects
of various molecular abnormalities on the biology of
AML and the response of patients with AML to HSCT
represent an important area for future research.

There does not appear to be a significant relapse
penalty for T-cell depletion (TCD) in patients with early
stage AML who undergo myeloablative HSCT compared
with conventional HSCT approaches, and there is a lower
incidence of GvHD in the former approach. The LFS rate
in patients who underwent TCD HSCT in 2 multicenter
trials was 58% at 3 years, which was not significantly dif-
ferent from that of patients who underwent conventional
HSCT.74,75

With the recognition that allogeneic immune
effects, not conditioning intensity, were responsible for
long-term disease control after allogeneic HSCT, non-
myeloablative regimens were developed almost 20 years
ago for patients who were unlikely to tolerate the rigors
of an ablative regimen.76,77 These approaches use
immunosuppressive agents to facilitate donor lymphoid
and stem cell engraftment, allowing the transition to do-
nor chimerism and GVL effects. There is a spectrum of
intensity between nonmyeloablative approaches, with
more intensive conditioning regimens typically referred
to as reduced-intensity conditioning (RIC). Unlike low-
grade lymphomas, in which strong GVL effects allow
the provision of a less intensive regimen, patients with
AML undergoing nonmyeloablative HSCT primarily
have been treated with the more intensive RIC
approach. AML is considered to be intermediately
sensitive to GVL effects78; therefore, the intensity of the
conditioning regimen, in addition to a GVL effect,
appears to be important in lowering relapse rates in
AML,79 especially in patients who have higher risk cyto-
genetics66 or active disease at HSCT.80 The need for a
greater degree of regimen intensity is especially prob-
lematic in older patients with AML who have high-risk
disease but may not be able to tolerate an aggressive regi-
men. Nonrelapse mortality increases with age and regi-
men intensity,81,82 suggesting that risk-adapted therapy
is especially critical in older patients to maximize OS
rates.83,84 Stratification of outcomes after RIC HSCT
based on cytogenetic risk appears to be similar to that
after myeloablative HSCT.85

Patients of all ages with relapsed86 and refractory
disease,87 secondary AML,88 and/or cytogenetically poor-
risk disease typically have a long-term OS rate<50% after
matched related donor HSCT.85,89-91 Immunologic
attempts to improve these results include post-HSCT use
of prophylactic donor lymphocyte infusions and manipu-

lation of immune suppression duration and intensity in
these high-risk populations.92-95

URD HSCT for AML

Over the past decade, high-resolution typing of prospec-
tive recipient/donor pairs has increased the precision of
HLA matching in URD HSCT, and this may be a factor
in the observed improvement in long-term survival.96-98

Five-year OS rates for patients with AML in CR1 or
�CR2 who underwent URD HSCT increased from
approximately 30% between 1998 and 200899 to 40%
between 2000 and 2010.67 Many attribute this improve-
ment to donor selection based on high-resolution HLA
typing, which diminished the impact of donor source on
OS between URD and matched related donor HSCT.100-

103 Rates of acute GvHD are higher after URD HSCT
compared with matched related donor HSCT, but there
are conflicting results regarding whether this translates
into superior leukemic control.104-108

Recent recognition that specific donor-recipient
mismatch combinations, some associated with previously
unrecognized MHC polymorphisms,109 have the poten-
tial to further optimize URD selection. Kawase et al110

demonstrated that specific mismatch combinations at the
allele level involving HLA-DPb1 (DPB1) or HLA-C mis-
matches due to amino acid substitutions in the HLA-C
molecule were significantly associated with a decreased
risk of relapse without GvHD.

Unlike HLA-DQb1 (DQB1), HLA-DPB1 is not in
strong linkage disequilibrium with HLA-DRb1 (DRB1).
Therefore, donor-recipient combinations considered to
be highly matched, (ie, 8 of 8 alleles match at HLA-A,
HLA-B, HLA-C, and HLA-DRB1) potentially have 1 or
2 allele mismatches at HLA-DPB1. HLA-DPB1 is a
highly polymorphic molecule with variable T-cell epitope
cross-reactivity patterns.111 Various donor-recipient mis-
matching combinations at HLA-DPB1 can result in graft-
versus-host or host-versus-graft responses, which can have
clinically significant impacts on the severity of GvHD and
mortality.112 This information has led to the development
of a donor-selection tool that can be used to avoid delete-
rious mismatches at this locus.113

NK-cell effects in HSCT for AML

NK-cell functions are controlled by the net effect of inhib-
itory and activating signals received through cell surface
receptors. One of the most studied NK receptors, the
killer immunoglobulin-like receptor (KIR), mediates
both inhibitory and activating stimuli. KIR inheritance is
divided into A and B haplotypes, which are classified
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based on gene content. Individuals with B haplotypes pos-
sess more activating KIR genes than those with A
haplotypes.

To preserve tolerance, NK functions are suppressed
by self-MHC through interaction with their cognate in-
hibitory KIR.114 These NK/MHC interactions through
inhibitory KIR are key in the development of functional
responses in NK cells,115 although it has been appreciated
more recently that this functional “education” is also medi-
ated through activating KIR.116 After HSCT, NK cells are
educated by the immune system with which they were
transplanted.117,118 Therefore, specific KIR ligand
mismatches between HLA-mismatched donors and recipi-
ents result in the presence of donor NK cells capable of
effector functions through education by the transplanted
immune system, which are alloreactive against host leuke-
mic cells that fail to express their inhibitory cognate MHC
ligand.

The Perugia group was the first to recognize that, in
TCD haploidentical HSCT, patients with AML who did
not express a cognate MHC ligand for their donor’s inhib-
itory KIR had lower relapse rates.119-121 This finding was
supported by strong in vitro and clinical trial data in
which there was a 3% versus 41% frequency of relapse
between patients with NK-alloreactive donors versus
those without, respectively. The antileukemic effects of
NK cells through KIR ligand mismatching are well sup-
ported for myeloid leukemia only and have been repro-
duced by other investigators in the setting of TCD
haploidentical HSCT.122,123

In mismatched URD HSCT for myeloid malignan-
cies, inhibitory KIR ligand mismatching is often associ-
ated with deleterious GvHD,98,124-126 and although there
are less data for haploidentical HSCT, the use of donors
with a KIR B haplotype appears to confer a survival bene-
fit after URD myeloablative HSCT.127,128

Haploidentical HSCT

Haploidentical HSCT was initially developed as an alter-
nate therapy for patients who required HSCT but lacked
a matched related donor. To successfully cross the MHC
barrier, ex vivo and in vivo removal of T cells from haplo-
disparate grafts was required to avoid lethal GvHD and
secure engraftment. The consequence of this type of graft
manipulation is protracted post-HSCT lymphopenia
associated with a high risk of infectious mortality129 and
delayed GVL effects, whether from MHC, minor histo-
compatibility, or KIR ligand mismatches. Because AML
is the leading indication for allogeneic HSCT,66 improve-

ments in the safety of haploidentical HSCT would be of
significant benefit to patients with this disease.

Recent efforts130-134 (Table 2) to avoid profound
TCD from haplodisparate grafts have resulted in
improved OS rates based on increases in post-HSCT
immune reconstitution.135 The rate of HSCT-related in-
fectious death has been reduced to below 15% in most of
these regimens compared with 35% to 40% after TCD
haploidentical HSCT.136 However, these newer
approaches are characterized by large differences in the T-
cell content of the grafts, making outcome comparisons
difficult. Although severe GvHD is infrequent in haploi-
dentical HSCT with T-cell doses <5 3 104,137 the opti-
mal range of T-cell doses in terms of GVL effects is not
known. Further advances in haploidentical HSCT may
depend on the ability to define and optimize this range
and correlate it with outcomes.

To address this issue, our group at Thomas Jefferson
University developed a 2-step approach to haploidentical
HSCT in which the myeloid and lymphoid portions of the
graft are administered separately. This separation allows
for fixed T-cell dosing, creating a consistent platform from
which to compare outcomes. In the initial phase 1/2
trial,134 27 patients with various hematologic malignancies
received 12 gray of total body irradiation followed imme-
diately by a donor lymphocyte infusion containing 2 3

108/kg T cells (HSCT step 1). An alloreaction consisting
of fever and, in some patients, rash and diarrhea developed
after the donor lymphocyte infusion and resolved 2 days
later in all patients with the administration of high-dose
CY based on Johns Hopkins T-cell tolerization data.133

One day after the completion of CY, patients received a
CD34-selected stem cell graft. There were no reports of
post-transplantation lymphoproliferative disorder, no
deaths from GvHD, and no patient developed extensive
chronic GvHD. At a median follow-up of 40 months
(range, 28-56 months), the cumulative incidences of grade
3 and 4 GvHD and nonrelapse mortality were 7.4% and
22.2%, respectively. Patients who had controlled disease at
HSCT had a disease-free survival rate of 75% at 3 years. A
second-generation, 2-step trial for 28 patients who were in
remission at the time of HSCT completed accrual in
2013. At a median follow-up of 28 months, their disease-
free survival rate was 74%, confirming the efficacy of this
approach for patients who have controlled disease at
HSCT.138 Immune reconstitution in both of these trials
was robust. There were 3 infectious deaths in the initial
trial, and no patient died of infection in the follow-up trial,
highlighting the benefits of incorporating T cells into a
haploidentical regimen.
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Recurrent disease was the most frequent cause of death
in these 2-step trials, occurring primarily in patients who
had resistant or cytogenetically high-risk disease. Strategies
to improve outcomes for this patient subgroup are based on
the further exploitation of allogeneic immune effects and
include optimizing the dose and timing of the donor lym-
phocyte infusion. Second-generation myeloablative and
RIC 2-step trials designed to further optimize the regimen
are currently being conducted at our institution.139

Because of an expanded prospective donor pool for
most patients, the focus of donor selection in haploidentical
HSCT shifts from identifying a complete HLA match to
selection based on KIR ligand mismatching, sex differences,
and pregnancy-induced immunologic effects. Donor char-
acteristics in addition to HLA match potentially strengthen
the immunologic effects of haploidentical HSCT. Analysis
of the effects of these donor characteristics will be possible as
the population of patients who have received T-cell–
containing haploidentical regimens expands.

Cellular therapies with nonengraftment

Immunologic control of AML with haploidentical therapy
has been explored outside the setting of engraftment. Here,
efforts to control GvHD through graft manipulation or in-
tensive postinfusion GvHD prophylaxis are minimal, high-
lighting the GVL effects of haploimmunotherapy. Colvin
et al140 reported the outcomes of 41 patients with refractory
malignancies who received 100 centigray of total body irra-
diation followed by a G-CSF–primed, haploidentical prod-
uct containing escalating doses of T cells. Only patients who
received the highest doses of T cells (1 or 2 3 108/kg) had
objective responses, including 10 of 13 patients with AML.
In the setting of AML postremission therapy, Guo et al141

reported the outcome of 100 patients in CR1 who received
G-CSF–primed, haploidentical infusions after each of 3
cycles of high-dose cytarabine consolidation. In the multi-
variate analysis, patients who received�1.1 3 108 T cells in
each course had higher LFS and OS rates compared with
those who received lower T-cell doses. The 6-year LFS rate
for the 81 patients who had intermediate-risk cytogenetics in
that study was very high at 59.2%. These trials suggest that
T-cell thresholds in haploimmunotherapy may be meaning-
ful in terms of GVL effects.

Figure 1 summarizes the immune-based therapies
that have been used to treat AML, including 2 promising
new strategies, as discussed below.

Future Directions
Chimeric antigen receptors

Chimeric antigen receptors (CARs) link the binding por-
tion of a high-affinity antibody fragment that is specific toT
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a tumor antigen with a T-cell signaling moiety, such as
CD 3-f. The combined molecule is grafted to recipient T
cells by retroviral transfection, resulting in a subset of ge-
netically modified T cells capable of MHC-unrestricted
activation through their signaling moiety against the tar-
get cells bound by the antibody fragment. A hinge region
is usually included in the construct for optimal distancing
between the binding and signaling regions to enhance T-
cell activation. Second-generation and third-generation
CARs incorporate additional signaling motifs, such as

T-cell–costimulatory receptors or cytoplasmic signaling
domains from costimulatory receptors, to enhance
responsiveness. CAR therapy has been used primarily to
treat B-cell malignancies, and antitumor activity has been
demonstrated in chronic lymphoblastic leukemia and B-
cell acute lymphoblastic leukemia (ALL).142-145 The
response of disease to CAR therapy has varied based on
differences in the construct of the CAR model among dif-
ferent research groups as well as various responses of he-
matopoietic diseases to this type of therapy. The

Figure 1. Immunotherapeutic approaches to acute myelogenous leukemia (AML) are illustrated. Different immune-based
approaches to AML treatment are depicted from past to present. 131I indicates iodine-131; 211At, astatine-211; 213Bi, bismuth-213;
225AC, actinium-225; 90Y, yttrium-90; BC8, anti-CD45 antibody; CAR, chimeric antigen receptor; CD33, cluster of differentiation
33 (Siglec-3); CD45, cluster of differentiation 45 (protein tyrosine phosphatase, receptor type, C); CTL, cytotoxic lymphocytes;
GM-CSF, granulocyte-macrophage–colony-stimulating factor; HLA, human leucocyte antigen; HuM 195, humanized monoclonal
antibody 195; IFN, interferon; IL2, interleukin-2; LEY, Lewis antigen; M195, murine monoclonal antibody 195; MoAbs, monoclonal
antibodies; NK, natural killer; PR, proteinase; scFV, single-chain variable fragment; SGN-CD33A, anti-CD33 monoclonal antibody-
drug conjugate; WT1, Wilms tumor 1.
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expression of CAR on the T-cell surface and persistent
engraftment of CAR T cells are associated with the effi-
cacy of a particular construct. Toxicities of the therapy
include a significant cytokine-release syndrome and per-
manent B-cell aplasia in patients who receive it as treat-
ment for B-cell malignancies.146

Similar targeting of AML cells with CAR therapy is
constrained by the expression of CAR target antigens on
hematopoietic stem cells, although in vitro and in vivo
studies testing the efficacy of CARs in this disease are
ongoing. The IL-3 receptor a chain CD123 represents an
attractive antigen for CAR therapy in AML, because it is
overexpressed in AML cells compared with normal hema-
topoietic cells. In vitro studies of CARs targeting CD123
epitopes in AML cell lines exhibited potent effector activ-
ity without the elimination of nonmalignant granulocyte
colony formation.147,148 In mice engrafted with a human
AML cell line, there was a significant reduction in leuke-
mic blasts after treatment with a CD123 CAR regardless
of the level of CD123 expression in the AML cell line.
However, treatment with the CD123 CAR resulted in
near complete eradication of normal bone marrow cells in
mice engrafted with human CD34-positive cells,149 high-
lighting the difficulty of developing CAR therapy in
AML. More specific targeting of a tumor antigen was per-
formed in a phase 1 trial in which 5 patients with resistant
AML received a CAR targeting the Lewis antigen, which
is expressed on many tumors, including some AML cells;
however, its expression on normal cells is limited. Three
of the 5 patients in that study responded to the therapy,
including 1 patient who had a CR that lasted 23
months.150

In vivo and in vitro studies of CARs in AML therapy
suggest potent antileukemic activity. However, deleteri-
ous effects on normal progenitor cells or narrow therapeu-
tic targeting to avoid widespread toxicity represent major
barriers to the implementation of CAR therapy in AML.

Bifunctional antibodies

Bispecific T-cell engagers (BiTEs) combine single-chain
antibody fragments, with 1 end targeting a tumor-
associated antigen and the other end targeting a T-cell
antigen. BiTE antibodies bind to tumor cells while simul-
taneously engaging T-cells to kill tumor cells. Blinatumo-
mab, a CD19/CD3 BiTE antibody, has demonstrated
promise in B-cell malignancies, including non-Hodgkin
lymphoma and ALL, and has recently been approved by
the FDA for relapsed/refractory B-lineage ALL.151,152

Because CD33 is expressed on the majority of AML blasts
and AML stem cells, it has been used in early BiTE anti-

body therapy in AML. Ex vivo CD33/CD3 BiTE anti-
body therapy (AMG330) demonstrated redirected,
targeted lysis of AML blasts and stem cells, whereas an in
vivo murine experiment produced decreased tumor
growth.153 Ex vivo primary human AML samples treated
with AMG330 exhibited lysis of AML blasts with
increased T-cell activation.154,155 Another AML BiTE
antibody, which combines CD3 with WT1 and HLA-
0201 in a murine model, demonstrated undetectable leu-
kemic growth by day 14 with MRD by day 18.156 This
early preclinical work supports the continued develop-
ment of BiTE antibody therapy as a potentially useful and
novel approach to the treatment of AML.

Summary

Immune-based therapies for AML have had various levels
of success, but work in this area continues to progress and
to demonstrate promise. Because AML is a heterogeneous
disease, it is unlikely that any single treatment modality
will be universally effective. The capabilities to success-
fully combine various immune approaches with each
other and with chemoradiotherapy and to determine the
optimal timing of these therapies during the course of dis-
ease treatment represent major challenges ahead in the
treatment of AML.
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