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Emerging therapies for acute myeloid
leukemia: translating biology into the
clinic

Simon Kavanagh, Tracy Murphy, Arjun Law, Dana Yehudai, Jenny M. Ho, Steve Chan,
and Aaron D. Schimmer

Princess Margaret Cancer Centre, University Health Network, Toronto, Ontario, Canada

Acute myeloid leukemia (AML) is an aggressive hematological malignancy with a poor outcome;
overall survival is approximately 35% at two years and some subgroups have a less than 5% two-
year survival. Recently, significant improvements have been made in our understanding of AML
biology and genetics. These fundamental discoveries are now being translated into new therapies for
this disease. This review will discuss recent advances in AML biology and the emerging treatments
that are arising from biological studies. Specifically, we will consider new therapies that target
molecular mutations in AML and dysregulated pathways such as apoptosis and mitochondrial
metabolism. We will also discuss recent advances in immune and cellular therapy for AML.

Introduction

Acute myeloid leukemia (AML) is a hematological malignancy characterized by the accumulation of
immature myeloid precursors with resultant peripheral blood cytopenias. The median age at diagnosis of AML
is 67 years and outcomes vary according to clinical and laboratory parameters (1). However, for most patients,
outcomes remain poor with high rates of relapse. For example, according to data from the Surveillance,
Epidemiology, and End Results (SEER) program of the National Cancer Institute, the median overall survival
of patients over 66 years with AML is less than 19 months despite intensive therapy (2). For the last 43 years,
the standard of care has been 3+7 combination chemotherapy, with three days of an anthracycline and seven
days of cytarabine (3). Recently, there have been dramatic advances in our understanding of AML biology
and genetics. This new knowledge is now being translated into better predictive markers and novel targeted
therapies. The new therapies being developed for AML include drugs targeting specific mutated proteins
and dysregulated signaling pathways downstream of the genetic mutations. Epigenetic dysregulation is a key
driver of AML biology and new epigenetic therapies are one of many exciting developments for this disease
(4). Novel immune- and cell-based therapies are also under development. Here, we will discuss advances in
AML biology and the emerging therapies arising from biological studies.

Molecular subgroups of AML have therapeutic implications

Earlier classifications of AML relied primarily on morphology and cytogenetics. While these markers
helped predict outcome of therapy, some subgroups, such as patients with AML and normal cytogenetics,
remained heterogeneous and their management difficult. Genomic investigations of AML have
demonstrated that several genes are recurrently mutated (5-8), leading to new genomic classifications,
predictive markers, and new therapeutic targets (5, 7, 9).

Compared with solid tumors, AML has fewer mutations, with an average of 13 mutations per case.
For example, The Cancer Genome Atlas (TCGA) study discovered that 23 genes are recurrently mutated,
but a further 237 mutations were identified (6). While some mutations such as FMS-related tyrosine
kinase 3 (FLT3), nucleophosmin (NPMI), and isocitrate dehydrogenase 1 and 2 (IDHI/2) had already
been reported in AML, other mutations such as U2AFI and others involved in spliceosome pathways
were discovered. The pattern of AML mutations was subsequently validated in additional cohorts with
larger numbers of adult patients (5, 10). The presence and prognostic significance of genetic mutations
have also been examined in pediatric AML and show trends similar to those of adult AML. For example,
NPM1 and CEBPA mutations are less frequent in pediatric AML, but similar to adults, these mutations are
associated with improved clinical outcomes and lower relapse rates (11, 12).
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Table 1. Mutations and their incidence in primary and secondary AML grouped

according to category subtypes (6, 13)

List of mutated genes in AML categorized into most
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These sequencing efforts led to the
description of nine functional categories of
mutations in AML (Table 1). Additional
studies have highlighted differences in the

common subtypes de novo AML (%) secondary AML (%) frequency of these mutations in de novo and

Signaling secondary AML (13) (Table 1). For example,

I;ig 288 ;] NPMI1 mutations are more common in de

KIT 4 novo AML, while mutations in chromatin

PTPNTI 5 modifiers and spliceosome variants are more
Tumor-Suppressor Genes frequent in secondary AML.

TP53 8 15 Molecular mutations in genes such as

PTEN FLT3 have prognostic importance. However,

wr1 6 3 understanding how different combinations

DNA Methylation of molecular mutations cooperate and

DNMT3A 26 13 predict outcome of an individual patient is
I;—Z:/ZZ 1% ;g challenging. Recently, clinical and genomic
Chromatin Modification variables from multiple studies have been
ASXLT 32 linked to provide an online algorithm that

EZH2 1 9 can predict survival and therapy needs

BCOR 8 based on an individual patient’s clinical

Cohesin Complex and molecular status (http://cancer.sanger.
STAC2 2 14 ac.uk/aml-multistage) (14). In the future,
RAD21 2 such resources may help tailor upfront and
SMCIA 4 postremission therapy, including the need
SMC3 4 2 for allotransplant in first remission.

Myeloid Transcription Factor Fusions or Mutations . .

RUNXI-RUNXTTT 9 3 Many patients with AML have
RUNX1 preleukemic mutations that developed in
CEBPA 6 3 their stem cells long before AML is clinically

Spliceosome Complex evident (15, 16). These mutations typically
SRSF2 20 occur in genes associated with DNA

SF3B1 n methylation and chromatin modification,

U2AF1 4 16 suchas DNMT3A4Aand TET2(17). Age-related
ZR5R2 8 clonal hematopoiesis (ARCH), also known
NLI?\%;ES& o 3 as clonal hematopoiesis of indeterminate

potential (CHIP), also complicates the
interpretation of the significance of these
lesions (18-22). Preleukemic mutations
associated with AML, such as DNMT3A4, are

found in up to 10% of the aging population without evidence of cytopenias. While CHIP is associated
with an 11- to 13-fold increased risk of developing a hematological malignancy, the overall annual
incidence remains low at approximately 0.5% to 1% per year (23). As such, it is currently unclear
which patients should be screened for CHIP and which, if any, patients would benefit from therapy
to prevent transformation to AML. Understanding the subgroups at highest risk of transformation
would help address these questions. Potential high-risk subgroups include patients with CHIP who
are receiving high-dose chemotherapy for other malignancies. For example, in a study of 401 patients
with non-Hodgkin lymphoma receiving autotransplant, patients with CHIP had a 10-year cumulative
risk of 14.1% of developing therapy-related myeloid neoplasms and this risk was 3-fold higher than
patients without CHIP (24). Perhaps in the future, these patients will receive closer monitoring for
the development of a secondary myeloid malignancy. These patients might also benefit from therapy
such as demethylating agents to eradicate the clonal population, although the efficacy of demethylating
agents in eradicating these clones is unknown.

While molecular mutations can be used to classify subgroups of AML, other groups have focused
on identifying AML subgroups based on gene or protein expression. For example, a stemness score,
termed LSC17, based on the gene expression profile of functionally defined leukemic stem cells (LSCs),
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Figure 1. FLT3 mutations promote cell proliferation and chemoresistance. Activating mutations of FLT3 caused by internal tandem duplications (ITDs)
or point mutations in the tyrosine kinase domain (TKD) result in constitutive tyrosine kinase signaling. FLT3 signaling recruits pathways, including Ras,
PI3-kinase, and STATS5, that promote cellular proliferation and chemoresistance. Illustrated by Rachel Davidowitz.

identifies patients with high and low stemness. Patients with high stemness scores have lower rates of
remission after standard 3+7 chemotherapy, higher rates of relapse, and lower overall survival (25). In
the future, patients with high LSC17 scores could receive more intensive induction chemotherapy or
upfront therapy with novel agents.

Emerging therapies for AML that target molecular mutations

Inhibitors of the FLT3 receptor tyrosine kinase. Among the molecular therapeutic targets identified for
AML, FLT3 and its inhibitors are most advanced. FLT3 encodes a receptor tyrosine kinase containing
a characteristic interrupted kinase domain (26). Ligand binding triggers receptor dimerization, tyrosine
kinase domain (TKD) activation, autophosphorylation, and activation of signaling pathways, including
Ras, PI3-kinase, and STATS5 (Figure 1). FLT3 is primarily expressed in hematopoietic precursors and
normally promotes hematopoietic development (27). Activating mutations of FLT3 caused by internal
tandem duplications (ITDs) were first reported in 1996 (28). FLT3-ITD mutations represent in-frame
tandem duplications found within exon 14 (29). The mutant protein forms hetero- and homodimers in the
absence of ligand, resulting in constitutive tyrosine kinase signaling. FLT3-ITD is found in approximately
20% of cases of adult AML (30) and is overrepresented in normal karyotype AML and less common in core
binding factor AML or poor cytogenetic risk leukemia. The presence of FLT3-ITD is a marker of adverse
prognosis. Some studies (31) suggest that the allele ratio of the FLT3-ITD is important in risk classification.
Of note, activating point mutations (e.g., Asp835) in the TKD of FLT3 have also been described (32, 33);
however, the prognostic significance of these point mutations is less clear.

FLT3 activating mutations have been shown to induce growth factor independence, cell proliferation,
and leukemic transformation. Constitutive FLT3 signaling blocks G-CSF-induced differentiation in cell
lines and suppresses myeloid transcription factor expression (26). Mouse models demonstrate the potential
transforming role of FLT3. Soon after identifying FLT3-ITD mutations in AML, there was interest in
developing inhibitors of this kinase. Initially, clinical trials were launched using multi-kinase inhibitors that
also targeted FLT3. Subsequently, drugs that more specifically target FLT3 were developed.
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Sorafenib. Sorafenib demonstrates broad spectrum tyrosine kinase inhibition. In addition to FLT3,
sorafenib inhibits c-Kit, VEGFR, and PDGFR-a and -f (34). Preclinical studies demonstrated reduced
proliferation and impaired FLT3 signaling after sorafenib treatment in cell lines and mouse models (35).

A phase 1 trial of single-agent sorafenib in patients with relapsed/refractory AML or elderly patients
with untreated myelodysplastic syndrome (MDS)/secondary AML (36) identified hematological
improvements in three of nine patients with the FLT3-ITD mutation with one complete remission (CR).
Given these results, a phase 3 study was initiated and randomized 201 patients over 60 years old with newly
diagnosed AML to induction/consolidation chemotherapy with or without sorafenib. This trial did not
demonstrate benefit in rates of remission, relapse, or survival (37). Adverse events were more common
in the sorafenib arm, resulting in higher treatment-related mortality, lower CR rates, and less delivery of
consolidation chemotherapy. A similar combination study was conducted in 267 younger patients (18-60
years old) with newly diagnosed AML (38). This trial demonstrated improved event-free survival (21 versus
9 months, P = 0.013) but a high rate of grade III toxicities in sorafenib-treated patients. Given the advent
of more potent inhibitors and high incidence of toxicity, sorafenib has a limited role in treatment of AML.

Midostaurin (PKC-412). Like sorafenib, midostaurin is an inhibitor of multiple kinases including
FLT3. Midostaurin was evaluated in a randomized phase 3 study in 717 patients aged 60 or younger
with newly diagnosed, FLT3-mutated, AML. In a trial that took over 8 years to complete, patients
received midostaurin or placebo in induction, consolidation, and 12 months of maintenance (39). Rates
of complete remission and allogeneic bone marrow transplantation were equivalent between arms.
Improved overall survival (hazard ratio [HR] 0.77, one-sided P = 0.007) and event-free survival (HR
0.8, P = 0.004) were seen in the midostaurin group. Advantages persisted after censoring at the time
of transplant. Improvements in survival may reflect the ability of inhibitor therapy to overcome FLT3-
driven survival signaling and allow elimination of clones responsible for relapse. Recently, midostaurin
was approved for the treatment of adult patients with newly diagnosed AML who have FLT3 mutations
in combination with induction and consolidation chemotherapy. As such, midostaurin in combination
with induction chemotherapy should be considered the new standard of care for FLT3-mutated AML
patients who are eligible for induction chemotherapy.

An early study demonstrated that midostaurin was capable of inducing responses in FLT3-wild-
type patients (40), suggesting other signaling pathways may be impacted. Midostaurin metabolites
have since been shown to be active and less specific to FLT3. While lower potency, these metabolites
are found at higher levels in plasma and appear to contribute significantly to midostaurin’s activity
(41). Studies in breast cancer (42) and systemic mastocytosis (43) have identified SYK as a target of
midostaurin. The relative contribution of SYK inhibition remains unclear, but given that SYK is an
independent therapeutic target (44), beneficial off-target effects are likely. Therefore, testing the efficacy
of midostaurin in combination with induction chemotherapy in newly diagnosed AML with wild-type
FLT3 would also be of interest.

Quizartinib (AC220). Quizartinib is a highly potent inhibitor of FLT3, capable of inhibiting signaling in
the low nanomolar range. Inhibition of related tyrosine kinases (e.g., c-Kit, PDGFR-a, PDGFR-f, RET,
and CSF1R) occurs, although at potencies at least 10-fold lower than for FLT3 (45). Xenograft tumor
models demonstrated complete responses after quizartinib therapy; engraftment models demonstrated dose-
dependent prolongation in survival (45), although tumor growth resumed after treatment discontinuation.

Quizartinib demonstrated an overall response rate of 30% in a single-agent phase 1 study enrolling
patients with AML irrespective of FLT3 status (46). Nine of 17 patients (53%) with FLT3-ITD responded,
including four composite complete responses. Notably, and in contrast to earlier FLT3 inhibitors, QT
prolongation emerged as a dose-limiting toxicity (23%-25% with continuous 200 mg dosing) (46). A
subsequent phase 2 study evaluated quizartinib monotherapy in 137 patients over 18 years of age with
relapsed/refractory AML or relapse after allogeneic stem cell transplantation (47). A composite CR rate
of 44% was seen in FLT3-ITD—positive patients, with a median duration of response of 11.3 weeks. FLT3-
ITD-negative patients also responded (composite CR rate 34%), although they had a shorter median
duration of response at only five weeks. Similar composite CR rates (47%) were seen in another study
evaluating 76 FLT3-ITD-positive patients (48) receiving lower doses of quizartinib monotherapy. Adverse
events, particularly QT prolongation, were less frequently seen in this latter study.

Quizartinib’s tolerability and potency, along with the benefit seen with midostaurin therapy, make
upfront therapy appealing. Clinical trials in this context are ongoing. Secondly, quizartinib’s ability to
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Figure 2. IDH1/2 mutations lead to increased production of the oncometabolite that alters DNA methylation. (A)
Isocitrate dehydrogenase 1and 2 (IDH1 and IDH2) catalyze the conversion of isocitrate to a-ketoglutarate (aKG).

aKG, along with Fe(ll), is an essential cofactor for TET2 and contributes to the active demethylation of DNA. (B)
Mutations in IDH1 and IDH2 alter the affinity of the enzymes for their substrates, leading to conversion of aKG to R-2-
hydroxyglutarate (R-2-HG). In addition to aKG depletion, R-2-HG inhibits TET2 and other aKG-dependent enzymes,
resulting in DNA hypermethylation. lllustrated by Rachel Davidowitz.

induce transient remissions in relapsed/refractory AML (with or without systemic chemotherapy)
suggests it could potentially induce remission prior to allogeneic transplantation.

Gilteritinib (ASP2215). Gilteritinib is a highly specific and potent inhibitor of mutant FLT3 (49).
Gilteritinib also inhibits AXL, a receptor tyrosine kinase shown to confer a growth advantage to AML
cells (50) and contribute to FLT3-inhibitor resistance. Gilteritinib demonstrates lower affinity for c-Kit than
other FLT3-directed tyrosine kinase inhibitors (49), potentially resulting in less hematological toxicity. A
phase 1/2 study of gilteritinib monotherapy, evaluating a total of 166 patients with relapsed/refractory
AML, demonstrated an overall response rate of 57% in 82 patients with FLT3 mutations (51). Subsequent
followup from this study, reporting on pharmacokinetic/pharmacodynamic findings in 215 patients,
reported significant QT prolongation in only 5% of patients (52). Maintenance and upfront studies (in
patients ineligible for high dose chemotherapy) are ongoing.

While capable of inhibiting AXL, this effect is seen at concentrations approximately 20-fold higher
than that required for FLT3-ITD inhibition (49). The clinical relevance of this effect at therapeutic doses
remains unclear. Gilteritinib’s relative lack of QT prolongation and c-Kit inhibition may contribute to
better tolerability and thus clinical utility.

FLT3-inhibitor resistance. Acquired mutations in the FLT3 TKD confer resistance to FLT3 inhibitors
and limit the efficacy of the drug. (53, 54). Strategies to prevent or overcome this mechanism of resistance
include using combinations of FLT3 inhibitors, as the mutations that develop are unique for the FLT3
inhibitor tested. Moreover, cells that become resistant to one FLT3 inhibitor can remain sensitive to others
(55). Alternatively, agents such as crenolanib, which retain efficacy against specific FLT3 mutations, can
overcome some forms of acquired resistance (56, 57). In addition to the acquisition of new mutations,
resistance to FLT3 inhibitors may develop through upregulation of downstream signaling pathways (58)
and alterations in marrow microenvironment mediated by AXL (59).

insight.jci.org  https://doi.org/10.1172/jci.insight.95679 5
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Inhibitors of mutant IDH1/IDH2

IDH]I and IDH?2 encode enzymes that catalyze the conversion of isocitrate to a-ketoglutarate (aKG) in the
cytoplasm and mitochondria, respectively. aKG, along with Fe(II), is an essential cofactor for TET2 and
contributes to the active demethylation of DNA. Missense mutations in /DHI and IDH? alter the affinity
of the enzymes for their substrates, leading to conversion of aKG to R-2-hydroxyglutarate (R-2-HG)
(60). Production of R-2-HG inhibits TET2 and other aKG-dependent enzymes (60), either through aKG
depletion or interference with Fe(II) binding (61) (Figure 2). The net effect is DNA hypermethylation
(60) and altered gene expression. The finding that IDH1/2 mutations are mutually exclusive with TET2
mutations (60) suggests that inhibiting the mutant enzyme and restoring normal IDH function might
reverse the aberrant epigenetic changes and restore normal hematopoietic function.

Enasidenib. Enasidenib (AG-221), a potent, oral, reversible and selective inhibitor of mutant IDH2,
has been shown in mouse models of IDH2-mutant leukemia to reduce R-2-HG production and induce
differentiation of leukemic cells (62). Treatment reversed aberrant methylation of multiple genes involved in
hematopoietic proliferation and differentiation (62). A recent phase 1/2 trial evaluated AG-221 monotherapy
in patients with mutant IDH2 and advanced myeloid malignancy. The overall response rate was 40% and
19% achieved CR. For the patients who achieved CR, the median overall survival was almost 20 months
(63). Based on these results, the FDA approved enasidenib for patients with relapsed or refractory AML and
an IDH2 mutation. Studies of enasidenib in combination with chemotherapy are underway.

AG-120. AG-120 is similar to AG-221 and is a selective inhibitor of mutant IDH1. In preclinical
models, AG-120 reduced R-2-HG levels, inhibited proliferation, and restored differentiation in AML cell
lines and primary samples (64). Results from a single-agent dose escalation phase of the first-in-human
study are available. As of May 2016, 78 patients with IDH1-mutated hematological malignancy had
been treated. The overall response rate was 38.5% (30 of 78) with 17.9% (14) achieving CR (65). The
median duration on treatment was 3.2 months. Nine (11.5%) patients remained on therapy. Interestingly,
serial DNA sequencing demonstrated that the /DHI mutant allele fell to undetectable (<1%) levels in
three of 11 responders.

IDH305. IDH305 is a targeted inhibitor of the IDH1 R132 mutant protein. A phase 1 basket study enrolled
patients with this mutation in three disease groups — glioma, AML/MDS, and non-CNS solid tumors (66).
A total of 81 patients, 24 having hematological malignancy (21 AML, 3 MDS), were enrolled and received
IDH305 monotherapy. Objective responses were seen in seven (33%) patients with AML. Responses were
reported as durable though clinical updates and pharmacokinetic/dynamic studies are awaited.

Differentiation syndrome with IDHI and IDH?2 inhibitors. Inhibition of mutant IDH1 or IDH2 leads to
differentiation of AML cells and IDH1/2 inhibitors can produce a differentiation syndrome similar to
all-trans-retinoic acid (ATRA) treatment in acute promyelocytic leukemia (63, 67). The differentiation
syndrome after IDH inhibitors can be severe (leukocytosis requiring hydryoxyurea therapy, hypotension
and, in one case, pericardial/pleural effusion requiring admission to intensive care) (67). Like the
differentiation syndrome caused by ATRA, differentiation syndrome after treatment with IDH inhibitors is
responsive to corticosteroids (68).

Emerging therapies for AML that target dysregulated pathways

Targeting BCL-2 and apoptosis. While our understanding of the molecular mutations associated with AML
has increased dramatically in the last several years, most of these mutations, save for IDH and FLT3, are
not directly druggable. Therefore, alternative therapeutic strategies for AML are needed. One approach is to
target dysregulated pathways downstream of genetic mutations. Below, we highlight progress in developing
inhibitors of BCL-2, DOT1L, and mitochondrial pathways.

The BCL-2 family of proteins play a pivotal role in regulating mitochondria-mediated apoptosis.
Different groups of BCL-2 family member proteins, sharing one or more of the four BCL-2 homology (BH)
domains (BH1-4), have been identified based on homology to the BCL-2 protein and function. These are the
proapoptotic multi-domain effector proteins BAX and BAK, the proapoptotic BH3-only proteins Bid, BIM,
and PUMA (the activators), BAD BMF, and NOXA (the sensitizers), and antiapoptotic members BCL-2,
BCL-XL, BCL-2-like 2 (BCL-w), MCL-1, and BFL-1/A1l. The BCL-2-like proteins maintain cell survival
and mitochondrial outer membrane integrity by preventing the activation of BAX and BAK. Under stress
conditions, the BH3-only proteins are activated to prompt apoptosis by releasing BAX/BAK from inhibition
by the BCL-2-like proteins, or in the case of the activators, by activating BAX/BAK through direct binding.
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Subsequently, by controlling the permeability of the mitochondrial outer membrane and mitochondrial
membrane potential, BAX/BAK regulate the release of proapoptotic factors such as cytochrome ¢, SMAC,
and ATF (69-71).

Of the family members, BCL-2 is the most advanced as a therapeutic target. Preclinical studies of
BCL-2 inhibitors have shown activity as single agents and in combination with other antineoplastic agents
(72, 73). In addition, BCL-2 is frequently overexpressed in AML compared with normal hematopoietic
cells and levels are higher in progenitor/stem cells (74, 75). Finally, using a functional assay termed BH3
profiling, mitochondria from a subset of AML cells are more primed for response to BCL-2 inhibition
(76). Although molecular and genetic mutations do not predict for response to BCL-2 inhibitors in vitro,
increased BH3 priming predicts for response in vitro and might be a strategy to identify patients who would
respond to these therapies.

ABT-737 and its clinical analogue ABT-263 (navitoclax) bind BCL-2, BCL-XL, and BCL-w with high
affinity (77). In clinical trials of patients with relapsed or refractory lymphoid malignancies, single-agent
navitoclax yielded high response rates (21%—-100% depending on specific type of malignancy) and resulted
in progression-free survival ranging from 15-25 months, but efficacy was limited by thrombocytopenia
resulting from inhibition of BCL-XL (78, 79). Further evaluation of ABT-263 was halted and a more
specific inhibitor of BCL-2, venetoclax, was developed. Compared with ABT-263, venetoclax binds
BCL-2 with 5-fold higher affinity and binds BCL-XL with 4,800-fold lower affinity, thus reducing the
risk of thrombocytopenia. In a phase 2 open-label, multicenter trial of venetoclax monotherapy in
patients with high-risk relapsed/refractory AML, the overall response rate was 19%, while an additional
19% demonstrated antileukemic activity not meeting International Working Group (IWG) criteria for
response (80). Three of five patients in this study who achieved CR/complete remission with incomplete
hematological recovery (CRi) had IDH mutations, consistent with preclinical reports demonstrating that
mutations in IDH1/2 increase sensitivity to BCL-2 inhibitors (81). While the efficacy of single-agent
venetoclax is limited, encouraging results have been observed in a phase 1b clinical trial that combined
venetoclax with hypomethylating agents (azacytidine or decitabine). When tested in patients 65 years or
older with newly diagnosed AML, the combination produced a CR/CRi rate of 61% (82). Based on these
data, phase 3 studies of the combination are underway.

Targeting MLL
Mixed-lineage leukemia 1 (MLL), also known as KMT2A, regulates the transcription of developmental genes
including the HOX genes and thereby controls cellular proliferation and differentiation. Rearrangements
of MLL at position 11q23 occur in 5%—10% of acute leukemias of lymphoid, myeloid, or mixed lineage
and are associated with a poor prognosis. The vast majority of these rearrangements result in oncogenic
fusion proteins that interact with the histone methyltransferase DOT1L (disruptor of telomeric silencing-
like). As a result of this abnormal interaction, DOT1L is recruited to MLL target genes where it promotes
the hypermethylation of H3K79, leading to aberrant expression of HOXA9 and MEIS1 and leukemic
transformation (83, 84). As a strategy to target rearranged MLL, DOTIL inhibitors have been developed
and advanced into clinical trial. Preliminary results from an ongoing first-in-human phase 1 clinical trial of
single-agent EPZ-5676 for adult patients with relapsed/refractory acute leukemia with rearranged MLL1r
(clinicaltrials.gov: NCT01684150) have shown early signs of efficacy (85). Among 37 patients enrolled
in the dose escalation trial, there were four responders. As a strategy to target rearranged MLL, DOTIL
inhibitors have been developed and advanced into clinical trial. Thus, continued investigation of EPZ-5676
in patients with MLL gene rearrangements is warranted.

Other strategies to target acute leukemia with MLL rearrangements include the use of enhancer of
zeste homolog (EZH) 1 and 2 inhibitors or inhibitors of lysine-specific demethylase KDM1A (LSD1), as
EZH 1/2 and LSD1 are required for the development of MLL-induced leukemia in mice (86, 87).

Mitochondria-targeted therapies

Recent studies have demonstrated that AML cells and stem cells have a unique reliance on oxidative
phosphorylation due, in part, to decreased reserve capacity in their respiratory chains (88, 89). Thus,
strategies that target respiratory chain activity or other mitochondrial pathways such as mitochondrial
translation, mitochondrial DNA replication, or mitochondrial proteases may have efficacy in AML (88, 90,
91). For example, preclinical studies demonstrated that the antimicrobial tigecycline inhibited mitochondrial
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Table 2. Immune and cellular therapies in clinical trial for patients with AML

Target
CD33

CD123

Cb47
LeY antigen

Agent Mechanism Phase of Development Reference
Gemtuzumab Ozogamicin Antibody-Drug Conjugate (ADC) Phase 2, 3 (96-99)
Vadastuximab Talirine (SGN-CD33A) ADC Phase 2 (102-104)
IMGN779 ADC Phase 1 (138)
CD33-directed BITE cells Bispecific T cell Engager (BiTE) Phase 1 (111, 112)
Anti-CD33 CAR-T cells Chimeric Antigen Receptor T (CAR-T) cells Phase 1
CSL360 Monoclonal antibody Phase 1 (139)
Anti-CD123 + Pseudomonas exotoxin ADC Phase 1 (105)
Anti-CD123 + Diphtheria toxin ADC Phase 1 (106)
Anti-CD123 BiTE cells BIiTE Phase 1 (140)
Anti-CD123 CAR-T cells CAR-T Phase 0, 1 (1471)
Hu5F9-G4 Monoclonal Antibody Phase 1 (108)
LeY-CAR-T cells CAR-T Phase 1 (130)

insight.jci.org

protein translation at the mitochondrial ribosome and selectively targeted AML cells in vitro and in vivo
(88). In a phase 1 clinical trial of escalating doses of once daily tigecyline in patients with relapsed and
refractory AML, no clinical responses were observed; however, the half-life of the drug was shorter than
that reported in published literature (92). As a result, inhibition of mitochondrial protein translation was
not sustained long enough to reduce levels of mitochondrial proteins. Alternate dosing schedules and drug
formulations will be required to fully test the efficacy of this therapeutic strategy.

Emerging immunological therapies for AML
In addition to small-molecule therapeutics, immune- and cell-based therapies for AML are being evaluated
in clinical trials with promising results (Table 2).

Monoclonal antibodies and antibody-drug conjugates
Anti-CD33. Sialic acid-binding Ig-like lectin 3 (SIGLEC-3), also known as CD33, is a transmembrane receptor
preferentially expressed in myeloid cells. CD33 is frequently overexpressed on leukemic blasts, including
the stem cell fraction, suggesting it may be an effective therapeutic target (93). Early studies evaluated
unconjugated or naked anti-CD33 monoclonal antibodies (mAbs) in AML and reported preclinical efficacy
in vivo due to antibody-dependent cell-mediated cytotoxicity (ADCC), antibody-dependent phagocytosis,
and modulatory effects on cytokines in the tumor microenvironment (94). Although effective in preclinical
models, unconjugated anti-CD33 was only modestly active in phase 1 and 2 clinical trials. However, greater
efficacy was noted when anti-CD33 was conjugated to antitumor antibiotics as in the case of gemtuzumab
ozogamicin (GO), where a recombinant, humanized anti-CD33 mAb was conjugated to calicheamicin,
an antibiotic with cytotoxic properties (95). In phase 3 studies of GO as monotherapy in patients over age
60 with relapsed AML, an overall response rate of 30% was reported. Based on these data, GO received
accelerated approval through the FDA for this indication (96). However, a subsequent multicenter, phase 3,
randomized clinical trial comparing induction chemotherapy with and without GO (6 mg/m?) on day 4 of
chemotherapy failed to demonstrate differences in survival. In fact, patients receiving GO had a higher rate of
mortality during induction due to an increased incidence of veno-occlusive disease (VOD; 5.5% death rate in
the combination arm versus 1.4% in the chemotherapy-alone arm) (97). As a result, the drug was voluntarily
withdrawn from the market. However, the withdrawal of GO may have been premature. Subsequent
randomized trials evaluating lower doses of GO in combination with chemotherapy demonstrated improved
overall survival without increased toxicities such as VOD (98, 99). As such, these studies support a role for
toxin-conjugated anti-C33 in the treatment AML.

Vadastuximab talirine (SGN-CD33A), a later generation of toxin-conjugated anti-CD33 therapy, is
an anti-CD33 mAb conjugated to a pyrrolobenzodiazepine (PBD) dimer (100). Upon internalization into
CD33-expressing cells, the PBD dimer is released from the antibody and induces DNA cross-linking and
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subsequent cell death (101, 102). A phase 1 trial of single-agent SGN-CD33A in 27 older (median age 74
years) treatment-naive AML patients reported responses in 54%, with 14 patients achieving CR/CRi and five
achieving a morphologically leukemia-free state (103). Minimal residual disease (MRD) negativity by flow
cytometry was noted in six of 13 patients for whom data were available. VOD was not reported with this
drug. Current trials are evaluating SGN-CD33A in combination with standard agents in the upfront setting.
For example, a trial of SGN-CD33A in combination with decitabine or azacitidine in 24 patients with AML
unfit or unwilling for conventional chemotherapy had a response rate (CR+CRi) of 73% among 49 evaluable
patients (104). Of note, the combinations were well tolerated with a 30-day mortality rate of 2%.

Anti-CD123. CD123 (interleukin-3 receptor o [IL-3Ra]) expression is increased in leukemic cells and
stem cells compared with normal hematopoietic stem cells and progenitors. CSL360 is a second-generation
anti-CD123 mAb with a modified Fc domain to enhance NK cell recruitment and improve ADCC. In
early-phase clinical trials, CSL362 produced CR in 10 of 20 evaluable patients with relapsed and refractory
AML. Notably, three of six patients became MRD negative after treatment with the antibody. Related
therapies under development include CD123 mAb conjugated to Pseudomonas exotoxin (105) as well as
IL-3Ra ligand conjugated to diphtheria toxin (106).

Anti-CD47. CDA47 is overexpressed in AML blasts and LSCs, enabling these cells to escape phagocytosis
through SIRPa binding (107). Preclinical studies of a CD47-blocking mAb (Hu5F9-G4) have been shown
to induce macrophage phagocytosis of AML cells in vitro and in vivo (108). Human phase 1 trials of
Hu5F9-G4 and another agent CC-90002 are ongoing (NCT02678338 and NCT02641002). Likewise,
fragments of the SIRPa Fc are also in clinical trials for AML and other hematological diseases.

Bispecific T cell-engaging antibodies (BiTEs)

Bispecific T cell-engaging antibodies (BiTEs) are a novel class of biologics constructed by linking two
single-chain variable fragments (scFv’s) with a peptide chain, giving them the ability to simultaneously
bind the tumor cell and T cell and thereby recruit T cells to the tumor, leading to direct cytotoxicity (109).
The CD19/CD3 BiTE construct blinatumomab has demonstrated efficacy in acute lymphocytic leukemia
(ALL) and has recently been approved for patients with CD19* relapsed ALL (110). A CD33/CD3 BiTE
antibody has been developed for AML and showed efficacy in preclinical ex vivo studies (111, 112). A
phase 1 trial in relapsed/refractory AML is currently underway (NCT02520427). Dual-affinity retargeting
(DART) molecules have also been developed and may be potentially more active than BiTEs due to greater
efficiency of B and T cell cross-linking (113). Preclinical in vitro and primate models have demonstrated
efficacy (114, 115) and phase 1 trials in relapsed/refractory AML and intermediate-2/high-risk MDS are
underway (NCT02152956).

Adoptive cellular therapy

Adoptive immunotherapy is based on ex vivo engineering and expansion of immunologically active T cells that
are then infused into the recipient with the intention of inducing direct cytotoxicity against tumor cells. These
approaches emerged from our understanding of graft versus leukemia (GVL) observed after allotransplant
and donor lymphocyte infusions (DLIs) as well as changes in NK cells after allotransplant (116).

NK cell-based therapy has been utilized in the setting of an allotransplant to enhance the GVL effect
without compromising graft integrity (117, 118). Advances in cellular processing and increased access to
good manufacturing practices—compliant (GMP-compliant) laboratories has enabled ex vivo activation and
expansion (using IL-2 or IL-15) of donor-derived NK cells for use in patients with active disease (119). These
strategies have been limited by donor availability and the risk of graft-versus-host disease (GVHD) (120).
The advent of off-the-shelf products such as the NK-92 and KHYG-1 cell lines is a promising development,
with demonstrable safety in a variety of cancers including hematological malignancies (121, 122).

Preclinical studies of donor-derived CD3*CD4 CD8" double-negative T cells (DNTs) have shown
dose-dependent cytotoxicity against AML cells in vitro as well as in murine xenograft models (123).
Cytotoxicity occurs primarily through a perforin-dependent pathway and DNTs derived from AML
patients in CR can be effectively expanded ex vivo (124). A first-in-human study of the safety and
tolerability of healthy donor-derived DNTs as adjuvant therapy in AML patients is expected to begin
recruitment shortly (NCT03027102).

T cells with engineered chimeric antigen receptors (CAR-T cells) have shown remarkable activity in B cell
malignancies (125, 126). CAR-T cells possess chimeric immunoreceptors targeted to a tumor cell surface antigen
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(such as CD19 in B cell diseases) in addition to costimulatory domains like CD28 in second-generation CAR-T
cells (127). Despite the success of CD19-CAR-T cells, studies of CD33- or CD123-targeted CAR-T cells in AML
have been less prominent, primarily owing to profound myeloablation (128, 129). Thus, alternative CAR-T cell
targets are being sought for AML. Examples of newer CAR-T products for AML include cells directed to the
LeY antigen. In a phase 1 trial, LeY-CAR-T cells reduced peripheral blood and marrow blasts without profound
myelosuppression in a small phase 1 trial in relapsed AML (130). Future roles of CAR-T cells in AML may
involve their use as conditioning prior to allotransplant or by employing gene-edited donor stem cells (131).

Cytokine release syndrome

Cytokine release syndrome (CRS) is a unique toxicity associated with immunotherapies such as CAR-T
cells, BiTES, and DARTSs. CRS is characterized by high fevers, increased inflammatory biomarkers, and
multi-organ dysfunction (including cerebral edema). CRS can be severe and require ICU support. Current
management of CRS includes intensive supportive care, corticosteroids, and tocilizumab, an mAb that
inhibits the IL-6 receptor (132).

Future directions in immunotherapy: Tumor vaccines and checkpoint
inhibitors

Peptide vaccines against PR1, WT1, and CD168 have demonstrated immunological responses in early-study
settings and may have a role in postremission therapy (133). Dendritic cell vaccines may prove to be more
effective by overcoming some of the limitations of peptide vaccines, although clinical benefit has been minimal
in trial settings. Potential use as a postremission therapy to prevent or delay relapse is under investigation (134).
Finally, PD-1 and PD-L1 immune check point inhibitors that have efficacy in solid tumors such as melanoma
may also have efficacy alone or in combination with hypomethylating agents in AML and MDS patients (135).

Conclusions and future directions

Genetic studies have significantly expanded our knowledge of the molecular mutations that underlie AML
and have led to better understanding of AML biology and the development of novel therapeutics. However,
many patients are not eligible for these targeted therapies, as most AML mutations are not currently
druggable. As such, additional therapeutic approaches are urgently needed.

While new drugs are improving outcomes for some patients with AML, most patients either do not
respond or ultimately relapse. As such, it will be important to identify biomarkers that can best predict
patients’ responses. In addition, the lower rates of remission and high rates of relapse with these newer agents
suggest that the leukemic subclones driving relapse are not targeted by monotherapy. Genetic studies of
matched leukemic samples collected at diagnosis and relapse demonstrated that the genetic clones responsible
for relapse are often present at very low frequency in the diagnostic sample (17). In other cases, the AML
clones responsible for relapse are quiescent LSCs (136, 137). As we improve our understanding of the origins
of relapse, we will increase our ability to identify and monitor the genetic clones and stem cells that cause
relapse. In the future, we predict that therapy will continue postremission until these clones are eliminated and
that new therapies that are more effective at eradicating the clones responsible for relapse will be developed.

In developing new therapeutic strategies for AML, extrinsic factors that are important for the
pathogenesis and progression of AML, such as the immune environment, must also be considered. A
variety of immune and cellular strategies have been developed and have entered clinical studies for AML.
Given the success of immunotherapy in other hematological malignancies and solid tumors, we anticipate
that immune therapies will also play an important role in the treatment of AML.

Until recently, induction therapy for AML had been unchanged for decades. We are now seeing the
fundamental discoveries related to AML biology being translated into new therapies and drugs, such as
midostaurin, being combined with upfront standard chemotherapy to improve patient survival. As our
ability to produce long-term remissions and cures in AML improves, greater attention will focus on the
late effects of chemotherapy in AML survivors, similar to the situation in childhood acute lymphoblastic
leukemia. To address the late effects, we predict that future therapeutic strategies will focus on developing
less toxic induction regimens, and for some patients might ultimately lead to treatment with combinations
of novel agents without standard cytotoxic chemotherapy. Likewise, we predict improvements in supportive
care will reduce the short-term and long-term toxicity of chemotherapy. Thus, advanced in AML biology is
leading to a surge in novel therapeutics for this disease.
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