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overview

Pretreatment somatic mutations influence acute myeloid leukemia (AML) pathogenesis and responses to

chemotherapy. Integration of cytogenetic abnormalities and molecular mutations, co-occurring and in iso-

lation, have resulted in a more refined prognostic assessment. In addition, research performed over the last

few years has led to the development of novel therapies and new drug approvals in patients with both newly

diagnosed and relapsed/refractory (R/R) AML. Here we discuss the use of these newly approved therapies.

Advances in AML have also occurred through development of better tools to assess response to treatment.

Both multiparameter flow cytometry and polymerase chain reaction can be used to assess for the presence or

absence of measurable residual disease (MRD) and increase the sensitivity of response assessment. The role

of MRD assessment is gaining relevance and its integration in clinical trials and treatment decisionmaking will

be explored in the second half of this article.

INTRODUCTION

Over the last few decades, researchers have deci-
phered the complex biology of AML with a specific
focus on how pretreatment somatic mutations influ-
ence AML pathogenesis and responses to chemo-
therapy. These advances have resulted in a better
understanding of leukemogenesis, which has resulted
in more refined prognostic assessment and allowed
alterations in treatment that are improving survival.1

Small molecule inhibitors of pathogenic mutant pro-
teins have been studied in well-designed clinical trials
and are now approved for the treatment of AML alone
or in combination with chemotherapy.

Complete remission (CR) rates and duration of re-
sponse differ based on patient and disease charac-
teristics.2,3 Until recently, the standard induction
regimen for “fit” patients with AML was 7 + 3, a 7-day
continuous infusion of cytarabine and a 3-day course
of daunorubicin or idarubicin.4 Older unfit patients
have worse clinical outcomes because of an increased
rate of unfavorable-risk cytogenetic and molecular
genetic abnormalities and poor tolerance of traditional
induction chemotherapy.5 This article focuses on the
major progress of the last few years—how molecular
abnormalities have affected treatment decisions and
the role of incorporating dynamic risk assessment in
the form of MRD testing during AML treatment.

The French-American-British classification of AML
was an initial attempt to categorize the prognosis of
patients based on morphology and cytochemical
stains. Advances in chromosomal analysis (traditional
metaphase karyotyping and fluorescence in situ

hybridization) led to further refinements in categori-
zation. The revolution in molecular genetics and the
affordable use of next-generation sequencing (NGS)
has defined the prognosis for the approximately 50% of
patients with a normal karyotype, which has resulted in
the ability to comprehensively integrate genomic as-
sessments for precise categorization of risk of relapse
and death.6,7 Clinicians are now realizing the clinical
benefits of this basic biologic inquiry. The spectrum of
therapies that have been developed for the treatment of
AML includes options for both newly diagnosed and
relapsed disease. The recent leukemia drug approvals
have changed our treatment paradigms for many forms
of AML, and there are now new therapeutic choices for
our patients. Some of the most exciting advances have
developed from the recognition of specific mutations in
AML and the ability to target these mutations. This
article will focus on how the molecular landscape af-
fects current treatment decisions in AML. We will focus
our review on the currently actionable mutations
in AML.

FMS-LIKE TYROSINE KINASE 3 MUTATIONS

FMS-like tyrosine kinase 3 (FLT3), which plays a role in
the proliferation and apoptosis of primitive hemato-
poietic stem cells, is mutated in approximately 30% of
cases of AML.8 The FLT3-internal tandem duplication
(ITD) mutation occurs in approximately 23% of de novo
AML cases and consists of duplications in the juxta-
membrane domain that leads to constitutive tyrosine
kinase activity.2,8 An activating point mutation of the
tyrosine kinase domain (TKD) occurs in approxi-
mately 7% of AML cases, most commonly at the D835
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position.9,10 Bothmutations lead to activation of downstream
signaling pathways, independent of ligand stimulation.11

Because of its role in leukemogenesis, inhibition of FLT3
has been studied as a therapeutic strategy in AML. The
initial FLT3 inhibitors, or first-generation agents (e.g.,
midostaurin and sorafenib), lacked specificity for the FLT3
tyrosine kinase.2,8 However, because of the availability of
sorafenib (because of its approval for treatment of renal cell
carcinoma, liver cancer, and thyroid cancer) and its known
inhibition of FLT3, in addition to other kinases, sorafenib has
been studied in R/R AML. The responses to these agents in
relapsed disease have been relatively limited.

Midostaurin

Midostaurin is active against both the FLT3-ITD and TKD
mutations.12 Despite limited responses in R/R AML,13

midostaurin was combined safely with induction chemo-
therapy in a phase Ib study.14 These results led to the
RATIFY trial, a multinational phase III randomized trial that
enrolled 717 younger adults with newly diagnosed AML with
a FLT3-ITD or TKD mutation. Midostaurin (50 mg twice
daily) or placebo was given on days 8 to 21 of up to two
cycles of induction chemotherapy and all cycles of high-
dose, cytarabine-based consolidation. Patients who de-
clined or were not eligible for allogeneic bone marrow
transplantation received midostaurin or placebo mainte-
nance. The 4-year overall survival (OS) was 44.3% in the
placebo group compared with 51.4% in patients who re-
ceived midostaurin. Although the probability of CR was not
statistically different between the two groups, the median
disease-free survival was significantly prolonged in the

midostaurin group compared with the placebo arm
(26.7 months vs. 15.5 months; p = .01). A subset analysis of
the different FLT3mutations showed a survival benefit in both
FLT3-TKD and FLT3-ITD subsets. The RATIFY trial was the
first trial that demonstrated a survival benefit of a targeted
therapy combined with standard chemotherapy, and, in April
2017, it led to the U.S. Food and Drug Administration (FDA)
approval of midostaurin in combination with standard che-
motherapy for patients with the FLT3 mutation of AML.15

Giltertinib (ASP2215) has dual inhibitory action on FLT3 and
AXL, a member of the TYRO3, AXL, and MER subfamily of
receptor tyrosine kinases.2,16 In a phase I/II trial of 191 pa-
tients with the FLT3 mutation, 70 (37%) patients achieved
a composite CR.Most of these composite CRs occurred in the
69 (41%) patients who received doses of 80 mg/day or
higher.14 These results led to a randomized phase III trial of
single-agent gilteritinib at 120mg/day compared with salvage
chemotherapy in patients with R/R FLT3-mutated AML. The
rates of CR/CR with partial hematologic recovery were 21%
and 31% in patients who achieved transfusion inde-
pendence, respectively.17 This clinical activity led to FDA
approval of gilteritinib in November 2018 for the treatment
of adult patients with R/R FLT3-mutated AML.

Quizartinib is a FLT3 inhibitor with activity against FLT3-ITD,
but importantly not against the FLT3-TKD. In a randomized
trial of quizartinib versus salvage chemotherapy in patients
with R/R FLT3-ITD–mutated AML, quizartinib led to an
improvement in median OS of 6.4 weeks. At the time of this
writing, quizartinib is being considered by the FDA for
approval based on the results of this study.18

Like gilteritinib, crenolanib inhibits both the TKD and ITD
mutations.19,20 In a phase II trial of patients with R/R AML,
23% of tyrosine kinase inhibitor–naive patients achieved CR
with incomplete hematologic recovery with a median OS of
55 weeks.21 The demonstration of tolerability and efficacy of
these agents in R/R AML has led to frontline combinatorial
studies.

Giltertinib, quizartinib, and crenolanib have all been shown
to be safely combined with standard intensive chemo-
therapy in patients with newly diagnosed AML. A ran-
domized trial of 7 + 3 with quizartinib versus placebo is
ongoing, as is a randomized trial of 7 + 3 with crenolanib or
midostaurin. Likewise, a randomized trial of 7 + 3 with
gilteritinib or midostaurin is planned. Table 1 summarizes
the completed and ongoing studies of these next-generation
FLT3 inhibitors.22-24 Furthermore, trials combining lower
intensity chemotherapy (i.e., hypomethylating agents) and
FLT3 inhibitors are ongoing. The results of the randomized
trials of these agents in combination with chemotherapy are
greatly anticipated.

Because of the high relapse rate in patients, early trans-
plantation referral is recommended for most patients with

PRACTICAL APPLICATIONS

• The importance of understanding leukemo-
genesis at the molecular level through genetic
sequencing has resulted in more refined
prognostic assessments and has led to the use
of targeted therapies.

• Mutational analysis through the use of NGS is
essential for selecting optimal therapies.

• The adoption of these targeted therapies has
been rapid and their clinical use will be
reviewed in this article.

• The prognostic role of MRD testing in response
assessment in AML is well established.

• MRD is not yet widely established as a pre-
dictive biomarker or surrogate endpoint, and
standardization of the technology for MRD as-
sessment and its use in randomized trials are
anticipated so MRD can be utilized to modify
treatment interventions.
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FLT3-ITD–mutated AML. Despite stem cell transplantation,
patients remain at risk for recurrent disease; because of this,
randomized trials of FLT3 inhibition postallogeneic trans-
plantation are in progress. A randomized trial of sorafenib
versus placebo was conducted and was recently presented.
With a median follow-up of more than 40 months, the
median relapse-free survival (RFS) was 30.9 months in the
placebo group and not reached in the sorafenib arm,
corresponding to a 2-year RFS of approximately 53% in the
placebo arm compared with 85.0% in the sorafenib arm.25

These early results are encouraging. A randomized trial of
gilterinib versus placebo maintenance post-transplantation
is ongoing.

ISOCITRATE DEHYDROGENASE MUTATIONS

The development of isocitrate dehydrogenase (IDH) in-
hibitors has paralleled that of the FLT3 inhibitors. IDH1 and
IDH2 are metabolic enzymes responsible for converting
isocitrate to α-ketoglutarate, an oxidative decarboxylation
reaction that takes place in the cytoplasm and mitochon-
dria.26 Point mutations in the IDH enzymes lead to aberrant
proteins that dimerize and catalyze the conversion of
α-ketoglutarate to the metabolite 2-hydroxyglutarate
(2HG).27 The accumulation of 2HG interferes with epige-
netic regulatory processes responsible for cellular differ-
entiation through DNA hypermethylation.28,29

Ivosidenib (AG-120) is an IDH1 inhibitor evaluated as
monotherapy in patients with IDH1-mutated AML in a dose-
escalation and expansion study. Among 179 patients with
R/R AML, treatment-related adverse events of grade 3 in-
cluded QT prolongation, IDH differentiation syndrome,
anemia, and thrombocytopenia. The overall response rate
was 41.6%, with a rate of CR or CR with partial hematologic
recovery of 30.4%. The median overall survival in the entire
efficacy population in this single-arm study was 8.8months.30

These results led to FDA approval of ivosidenib for the
treatment of adults with R/R IDH1-mutated AML.

Enasidenib (AG-221) is a selective IDH2 inhibitor that was
evaluated in a phase I/II trial that enrolled patients with
IDH2-mutated AML; most of the patients had relapsed
disease. The overall response rate in patients with R/R AML

was 38.8%, with a 19.6% CR rate and a median overall
survival of 8.8 months. The most common grade 3-4
treatment-related adverse events were hyperbilirubinemia,
thrombocytopenia, and IDH differentiation syndrome.31

Furthermore, the estimated median OS was 22.9 months
for the 42 patients with R/R AML who achieved a CR, 10.6
months for those who had a non-CR response, and 5.6
months for nonresponders.31 These results led to the FDA
approval of enasidenib in August 2017, for patients with R/R
AML characterized by an IDH2 mutation.4

Similar to the trials with FLT3 inhibitors, IDH inhibitors are
being studied in combination with standard intensive in-
duction chemotherapy and hypomethylating agents in
adults with newly diagnosed AML.

It is worth detailing the risk of IDH differentiation syndrome
(DS) with IDH inhibitors. Ivosidenib and enasidenib carry
black box warnings about DS, a capillary leak-type syn-
drome caused by differentiation of leukemic blasts, which
can be fatal if not recognized and not treated. The incidence
of DS with these agents ranged from 11% to 14% based on
investigator report or review-committee determination.
However, the FDA suspected that episodes of DS might
have been underreported because both trials were first-
in-human trials, and there was no adverse event term for
DS outside of the context of acute promyelocytic leuke-
mia. Thus, FDA conducted a systematic analysis of DS
cases and found a rate of 19% with both agents.32

BEYOND SPECIFIC TARGETED THERAPIES

In addition to the previously mentioned agents, there have
been other therapies recently approved for the treatment of
AML. These options include hypomethylating agents or low-
dose cytarabine with venetoclax or low-dose cytarabine with
glasdegib for the treatment of AML in patients who are age
75 or older. They can also be used in patients who have
comorbidities that preclude use of intensive induction
chemotherapy and Vyxeos (Jazz Pharmaceuticals, Dublin,
Ireland) for the treatment of secondary AML or AML with
myelodysplasia-related changes in patients who are fit for
intensive induction therapy.33-35 Because these therapies
are being adopted into practice, it is of emerging interest

TABLE 1. Emerging FLT3 Inhibitors

Agent

Half-Life

(Dosing)

D835

Activity Relapsed, Single-Agent Trial

Frontline Combination With

Chemotherapy Post-HCT Maintenance

Gilteritinib Long (once
daily)

Yes Phase III completed; approved
Nov. 2018

Phase I ongoing; randomized phase
III planned

Phase III recruiting

Quizartinib Long (once
daily)

No Phase III completed and met
primary endpoint

Phase III completed; phase I
ongoing

Pilot study completed; included
in phase III

Crenolanib Short (3 times
daily)

Yes Phase II completed Randomized phase III ongoing Pilot completed; Phase II ongoing

Abbreviation: HCT, hematopoietic cell transplantation.
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and relevance to determine which subgroups of patients
have the greatest response to each therapy, and it is im-
portant to try to identify which patients are unlikely to re-
spond so they can be spared toxicities.36

Looking forward, there are a number of agents being studied
with the goal of increasing response rates particularly in
patients with R/R AML or disease that is not predicted to be
sensitive to chemotherapy. Agents on the horizon include
specific pathway inhibitors and antibody-based therapies.
One interesting agent is APR-246, which is a novel selective
molecule that induces apoptosis in cancer cells with mu-
tated TP53 by reinstating the wild-type conformation of the
protein. In a multicenter phase Ib trial, APR-246 was
combined with azacitidine in adults with myelodysplastic
syndrome (MDS) or AML with 30% or fewer blasts. The early
results have demonstrated a CR rate of 82%.37 Our patients
are reaping the benefits of decades of research. As we look
toward the future, we can hope for not only continued
development of new agents but also learning how to se-
quence these agents and select the right treatment for
individualized patients based on disease and patient
characteristics. Furthermore, our assessment of response to
treatment has become more refined as we better un-
derstand how to assess for and discover the relevance of
(MRD in AML.

APPLICATION OF MRD TESTING IN ASSESSING RESPONSE TO
TREATMENT OF AML

How Can MRD Assessment Help in the Treatment of

AML Patients?

Cytogenetic and molecular genetic alterations at the time of
the diagnosis of AML are used to prognosticate patient
outcomes. Based on large retrospective studies, mutations
in a variety of genes, including NPM1, CEBPA, FLT3, KIT,
RUNX, ASXL1, and TP53 stratify those patients with fa-
vorable, intermediate, or unfavorable risk of disease.
However, this form of prognostication is static. Early mea-
surement of treatment response is increasingly recognized
as an important tool to predict final treatment outcome. The
European LeukemiaNet (ELN) 2017 treatment guidelines
recommend refining response assessment through the
addition of a CR MRD negative (CRMRD−) category.3

However, the National Comprehensive Cancer Network
AML guidelines do not recommend routine MRD analysis in
clinical practice.38

The prognostic role of MRD is widely accepted, with a 3- to
4- year cumulative incidence of relapse (CIR) of 6.5%–41%
in patients who are MRD-negative and of 53%–82% in
patients who are MRD-positive.39-43 However, the predictive
value of MRD in guiding treatment decisions has not yet
been established by prospective studies. Therefore, the ELN
MRD working group has issued a caution against the use of
MRD as a predictive marker for therapy decisions and

recommends using only a 10-fold or more increase of MRD
as a clear indication for therapeutic action.44 However,
recent, but mostly retrospective, studies suggest that MRD
assessment may be useful in treating patients with AML
(summarized in the following and in Table 245-48). In 2018,
the NCRI and HOVON/SAKK study groups evaluated the
value of flow cytometry (FCM)–based MRD in patients with
more than or equal to 5% blasts after induction chemo-
therapy by cytomorphology but who had a negative
MRD result.45 They found comparable outcomes in patients
with morphologically refractory disease who were MRD-
negative with patients who were in morphologic CR- and
MRD-negative, and thus proposed that FCM MRD analysis
was superior to morphologic response assessment, par-
ticularly in patients with a borderline blast count. Several
study groups also evaluated whether MRD assessment
could improve the allocation of allogeneic hematopoietic cell
transplantation (alloHCT) to ELN favorable and intermediate-
risk patients. Zhu et al46 prospectively compared alloHCT and
chemotherapy in patients with AML who were RUNX1-
RUNX1T1–positive. Consolidation treatment with alloHCT
reduced the relapse rate and improved survival compared
with chemotherapy in patients who were MRD-positive,
whereas treatment with chemotherapy was associated with
a low relapse rate and improved disease-free survival com-
pared with alloHCT in patients who were MRD-negative.46

MRDwasmeasured after the second consolidation cycle and
up to 6 months after the end of treatment. However, the
allocation to alloHCT and chemotherapy groups was based
on patient decision and not randomization, and therefore,
required validation by a randomized trial. Balsat et al47

evaluated the role of MRD in ELN nonfavorable NPM1-
mutated AML patients (NPM1 mutation with a FLT3-ITD
mutation or abnormal karyotype). Patients who did not
achieve a 4-log MRD reduction in peripheral blood after one
to two induction cycles had a higher CIR and a shorter OS.47

Disease-free survival and OS were improved by alloHCT in
these patients but not in those with a greater than 4-log
reduction in peripheral blood MRD. However, this study
requires independent, ideally prospective, validation before
such an approach can be recommended.

The ELN 2017 treatment guidelines recommend alloHCT
for consolidation of intermediate-risk patients, if feasible.
Some study groups have evaluated whether treatment in-
tensity can be reduced in intermediate-risk patients who are
MRD-negative and consolidated their patients with autol-
ogous HCT.49 However, there are currently no prospective
data to support this approach. A recent study compared
alloHCT and chemotherapy consolidation in younger pa-
tients with AML in CR1 depending on MRD status, as
assessed by FCM.50 This analysis showed that relapse-free
survival (RFS) was improved by alloHCT compared with
chemotherapy in patients who were MRD-negative and
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MRD-positive. However, OS was improved by alloHCT only
in the MRD-positive group, whereas alloHCT and chemo-
therapy consolidation resulted in comparable OS in the
MRD-negative group.50 Although alloHCT is the logical next
therapeutic step in patients who are MRD-positive, MRD
positivity remains one of the strongest risk factors for poor
outcome in alloHCT.51-53 Buckley et al compared the
conditioning intensity in a meta-analysis that included 19
trials and found that myeloablative conditioning did not
improve the outcome of patients who were MRD-positive
compared with patients who received reduced intensity
conditioning.54 Instead of increasing the chemotherapy
intensity, it was suggested that grafts from alternative donors
might increase the graft versus the leukemia effect and
might be more effective in patients who were MRD-positive.
RFS, and, by trend, OS, was better in patients who were
MRD-positive, but not in patients who were MRD-negative
and who received umbilical cord blood grafts compared with
recipients of HLA-matched or HLA-mismatched grafts.48 In
addition, patients who underwent haploidentical donor HCT
showed lower CIR and improved OS compared with
matched-related donor HCT if MRD was positive before
HCT. However, donor type had no impact on outcome in
patients who were MRD-negative.55,56 Upon confirmation of
these studies, MRD may guide donor selection in the future
and may promote haploidentical donor HCT.

The concept of preemptive treatment of patients with mo-
lecular relapse has been pioneered in acute promyelocytic
leukemia. Early treatment with arsenic trioxide prevented
hematologic relapse and improved outcome in comparison

with a historical control.57 Preemptive treatment of pa-
tients with positive MRD has also been evaluated in the
post-transplantation setting using donor lymphocyte
infusions,58,59 azacitidine,60 or interferon-alpha,61 although
randomized studies are lacking.

Who Should Be Tested for MRD and AtWhich Time Points?

Recommendations of the ELNMRDWorking Group on AML
specify the clinical use and technical requirements of MRD
assessment (Fig. 1).44 To establish the MRD marker, pa-
tients must be investigated at diagnosis, or at least a di-
agnostic specimen of viable cells should be stored for later
analysis. In patients treated with standard induction and
consolidation chemotherapy, MRD assessment is recom-
mended after two cycles of chemotherapy and at the end of
consolidation. If patients undergo alloHCT, MRD should be
assessed within 4 weeks before transplantation. MRD
monitoring during follow-up is currently only recommended
if the patient is monitored by a molecular technique.44 Bone
marrow and peripheral blood should be monitored during
follow-up every 3 months for the first 2 years. After 2 years,
the decision to continueMRDmonitoring should be assessed
on an individual basis. Alternatively, MRD may be monitored
in peripheral blood every 4 to 6 weeks for 2 years, with the
monitoring interval informed by the relapse kinetics of the un-
derlying disease and/or MRDmarker. For example, the median
time from molecular to clinical relapse has been reported
as 1month inMLL-translocated AML, 2 to 3months in patients
who are RUNX1-RUNX1T1-, NPM1-mutated/FLT3-ITD–
positive and in patients who are DEK-NUP214-mutated,

TABLE 2. Clinical Scenarios in Which MRD Assessment Has Been Suggested as a Diagnostic or Predictive Biomarker for Patients With AML
Clinical Setting MRD Method Biomarker Type of Biomarker Expected/Predicted Outcome

Response assessment
after induction
chemotherapy

FCM MRD negativity in
cytomorphologically
refractory patients

Diagnostic FCM-MRD is superior to morphologic response
assessment and is associated with assessment

RUNX1-RUNX1T1 AML qRT-PCR MRD negativity Predictive Improved OS with chemotherapy consolidation
compared with alloHCT

RUNX1-RUNX1T1 AML qRT-PCR MRD positivity Predictive Improved OS with alloHCT consolidation
compared with chemotherapy

ELN nonfavorable NPM1
mutated AML

qRT-PCR MRD reduction by less than
4-log10 after 1-2
induction courses

Predictive Improved OS with alloHCT consolidation
compared with chemotherapy

Patients undergoing
alloHCT (including ALL
and MDS)

FCM MRD positivity Predictive Improved RFS and by trend OS with umbilical
cord blood donor alloHCT compared with
matched-unrelated or mismatched-unrelated
donor alloHCT

Patients undergoing
alloHCT

FCM MRD positivity Predictive Lower CIR and improved OS with haploidentical
donor alloHCT compared with matched-related
donor alloHCT

Abbreviations: MRD, measurable residual disease; AML, acute myeloid leukemia; FCM, flow cytometry; qRT-PCR, quantitative real-time polymerase chain
reaction; OS, overall survival; alloHCT, allogeneic hematopoietic cell transplantation; ELN, European LeukemiaNet; RFS, relapse-free survival; ALL, acute
lymphoblastic leukemia; MDS, myelodysplastic syndrome; CIR, cumulative incidence of relapse.
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and 4 to 6 months in patients who are CBFB-MYH11 and
NPM1-mutated/FLT3-ITD–negative.62

Which Method Should Be Used for MRD Assessment?

ELN recommends assessing MRD by quantitative real-time
polymerase chain reaction in patients who are positive for
mutant NPM1, RUNX1-RUNX1T1, CBFB-MYH11, and
PML-RARA fusion genes, which covers approximately 40%
of all patients with AML. In all other patients, MRD should be
assessed by multicolor FCM, which relies on antigens ab-
errantly expressed by leukemic cells that are present in more
than 90% of patients with AML (Fig. 1).44 Wilms tumor 1
(WT1) expression in peripheral blood is used by several study
groups forMRD assessment, often in the post-transplantation
setting. Giving value to leukemia specificity, sensitivity,
standardization, developmental potential, and anticipated
acceptance by regulators, the ELN recommendations on
MRD favor leukemia-specific molecular and flow cytometric
MRD approaches over gene expression–based approaches
like WT1, although WT1 may be used as a MRD marker if no
other MRD tests are available.

Several important technical details are specified in the ELN
recommendations. The first pull from bone marrow aspirations
should be used for MRD assessment to avoid hemodilution.
Molecular MRD assessment may be performed from peripheral
blood or bone marrow, although the sensitivity is approximately
10-fold lower in peripheral blood. In addition, the ELN rec-
ommends a multicolor FCM MRD positivity cutoff at equal to or
greater than 0.1%, whereas any copy number measured by
molecular MRD is considered positive based on the specific
quality criteria specified by the ELN recommendations. How-
ever, patients with NPM1 copy numbers less than 1% to 2%
after the end of treatment have a very low relapse risk, which is
termed molecular persistence at low copy number with a re-
lapse risk comparable to CR MRD-negative patients.44

Rather than using absolute cutoff levels, a dynamic as-
sessment by log reduction has been proposed for MRD
assessment as a better indicator of chemosensitivity. Thus,

molecular relapse is defined as two positive MRD mea-
surements with a 10-fold increase of copy numbers to
distinguish patients with molecular persistence at low copy
numbers from patients with progressive disease. Never-
theless, further standardization of cutoffs and assessment
time points is required.

Can MRD Be Quantified by Next-Generation Sequencing?

Next-generation sequencing MRD assessment has been
pioneered by the introduction of molecular barcodes and
error-corrected sequencing.63-66 It is expected that NGS-
MRD analysis is less dependent on experience and more
widely available than other MRD technologies. The prog-
nostic power of NGS-MRD has been proven by several
studies at the end of induction and consolidation, and
before and after alloHCT.53,67,68 However, NGS-MRD is
currently less standardized than other approaches, and
efforts are underway to develop evidence-guided recom-
mendations for standardized NGS-MRD analysis.

Because NGS-MRD measures the variant allele frequency of
mutations that are present at diagnosis, this technology can only
be applied in patients with at least one somatic mutation. If the
variant allele frequency does not decline in a remission sample,
it suggests that this mutation is associated with clonal hema-
topoiesis or with germline origin, and should be excluded from
MRD analysis. Jongen-Lavrencic et al showed that mutations
associated with clonal hematopoiesis, like DNMT3A, ASXL1,
and TET2, are not prognostic at MRD assessment.68 Mutations
in genes involved in signal transduction (e.g., FLT3,NRAS) often
disappear at relapse and may limit their use for MRD analysis.
The interpretation of NGS-MRD needs a high level of expertise,
and guidance on theuse of suitable genes andproceduresmust
be developed. Therefore, it is currently too early to recommend
the clinical use of NGS-MRD.

How Should MRD Assessment Be Integrated in

Future Trials?

Despite the long history of MRD assessment, there are little
prospective data that have evaluated whether MRD is

NPM1- or CBF-
AML or APL

LAIP or DfN
phenotype

RT-PCR MRD

MFC MRD

Diagnosis After 2 
cycles

End of
treatment Follow-up

BM+PB BM+PB BM+PB BM+PB*

BM BM BM

* During follow-up PB may be investigated every 4-6 weeks instead of bone marrow.

Phenotype Method Analysis

yes

yes

no

FIGURE 1. ELN Recommendation for
MRD Analysis in Patients With AML
Undergoing Standard Induction and
Consolidation Chemotherapy

Abbreviations: AML, acute myeloid
leukemia; BM, bone marrow; ELN,
European LeukemiaNet; MFC, multi-
color flow cytometry; MRD, measur-
able residual disease; PB, peripheral
blood; RT-PCR, real-time polymerase
chain reaction.
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a predictive marker for specific interventions. Currently, it is
even more difficult to address this question because of the
wide availability and use of MRD data in clinical practice. To
overcome this challenge in future trials, separate trials should
be designed for patients who are MRD-positive and MRD-
negative, with allogeneic transplantation as the comparator
arm for patients who are MRD-positive and consolidation
chemotherapy or autologous HCT as the comparator arm for
patients who are MRD-negative. A successful new treatment
in patients who are MRD-positive may then be evaluated in
a subsequent study in patients who are MRD-negative.

There is a great interest in the use of MRD as an efficacy
response biomarker that can be used as a surrogate end-
point of a clinical trial. The FDA has developed draft
guidance for how MRD may be incorporated as a predictive
or efficacy response biomarker in future clinical trials.69

These recommendations include the requirement for
a meta-analysis that validates MRD as a surrogate endpoint
in the clinical setting in which a new drug will be evaluated to
justify its use in a prospective trial. In addition, this meta-
analysis should include drug products with varying mech-
anisms of action to provide a basis for predicting patient
responses to new drug products with novel mechanisms of
action. The FDA further recommends that MRD analysis
should be based on the intent-to-treat population, including
all patients who do not achieve CR, with any patient without
a MRD assessment considered as nonresponsive to treat-
ment. In addition, it is recommended to use a single
technology to assess MRD. However, if multiple technolo-
gies must be combined, the methodology for combining the
test results should be prespecified. Finally, the sensitivity of
the MRD assay should be at least 10-fold below the tech-
nical cutoff of the MRD test. Importantly, FDA views MRD as
a biomarker that is a reliable quantitation of tumor burden,
independent of the assay, and does not foresee the need for
co-development of a certified MRD assay with the drug

product. This strengthens academic laboratories, which can
provide their services when their tests are fully validated.

The prognostic value of MRD assessment in AML is well
established. In addition, the standardization of MRD technol-
ogies has been initiated with the publication of the ELN MRD
recommendations. However, MRD is not yet established as
a predictive biomarker and as surrogate endpoint for patient-
relevant outcomes. International efforts of academic groups,
industry, regulators, and funding agencies should be combined
to standardize the technology for MRD assessment and de-
termine the value of MRD as a predictivemarker for current and
future therapeutic interventions in patients with AML.

CONCLUSION

The tremendous gains in the treatment of AML have been
due, in great part, to an understanding of the prognostic role
of specific mutations and development of treatments tar-
geting these mutations. Targeted small molecule inhibitors
against mutant FLT3 have led to improved overall survival in
patients with newly diagnosed and R/R FLT3-mutated AML.
Similarly, the remission rates of patients with R/R IDH1/2
AML who receive IDH1/2 inhibitors appear robust with
minimal toxicity. In concert with the continued development
of novel treatments, refining our understanding of which
disease characteristics predict response to treatment is
needed. Moving forward, MRD assessment may help drive
more rapid approval of therapies. MRD assessment allows for
the potential for early treatment modification in patients who
do not respond and early intervention in those with evidence
of early recurrence. Well-designed, prospective clinical trials
will be able to determine whether interventions to prevent
hematologic relapse in patients who are MRD-positive are
able to change the outcomes of patients with AML.
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3. Döhner H, Estey E, Grimwade D, et al. Diagnosis and management of AML in adults: 2017 ELN recommendations from an international expert panel. Blood.
2017;129:424-447.

4. O'Donnell MR, Tallman MS, Abboud CN, et al. Acute Myeloid Leukemia, Version 3.2017, NCCN Clinical Practice Guidelines in Oncology. J Natl Compr Cancer
Netw. 2017;15:926-957.

5. Ungewickell A, Medeiros BC. Novel agents in acute myeloid leukemia. Int J Hematol. 2012;96:178-185.

6. Patel JP, Gönen M, Figueroa ME, et al. Prognostic relevance of integrated genetic profiling in acute myeloid leukemia. N Engl J Med. 2012;366:1079-1089.

7. Papaemmanuil E, Gerstung M, Bullinger L, et al. Genomic classification and prognosis in acute myeloid leukemia. N Engl J Med. 2016;374:2209-2221.

8. Grunwald MR, Levis MJ. FLT3 inhibitors for acute myeloid leukemia: a review of their efficacy and mechanisms of resistance. Int J Hematol. 2013;97:683-694.

9. Whitman SP, Ruppert AS, Radmacher MD, et al. FLT3 D835/I836 mutations are associated with poor disease-free survival and a distinct gene-expression
signature among younger adults with de novo cytogenetically normal acute myeloid leukemia lacking FLT3 internal tandem duplications. Blood. 2008;
111:1552-1559.

10. Wang W, Wang XQ, Xu XP, et al. Prevalence and prognostic significance of FLT3 gene mutations in patients with acute leukaemia: analysis of patients from the
Shanghai Leukaemia Co-Operative Groupa. J Int Med Res. 2010;38:432-442.

11. Yamamoto Y, Kiyoi H, Nakano Y, et al. Activating mutation of D835 within the activation loop of FLT3 in human hematologic malignancies. Blood. 2001;
97:2434-2439.

12. Weisberg E, Boulton C, Kelly LM, et al. Inhibition of mutant FLT3 receptors in leukemia cells by the small molecule tyrosine kinase inhibitor PKC412. Cancer Cell.
2002;1:433-443.

13. Stone RM, DeAngelo DJ, Klimek V, et al. Patients with acute myeloid leukemia and an activating mutation in FLT3 respond to a small-molecule FLT3 tyrosine
kinase inhibitor, PKC412. Blood. 2005;105:54-60.

14. Perl AE, Altman JK, Cortes J, et al. Selective inhibition of FLT3 by gilteritinib in relapsed or refractory acutemyeloid leukaemia: a multicentre, first-in-human, open-
label, phase 1-2 study. Lancet Oncol. 2017;18:1061-1075.

15. Click ZR, Seddon AN, Bae YR, et al. New FDA-approved and emerging novel treatment options for acute myeloid leukemia. Pharmacotherapy. 2018;
38:1143-1154.

16. Wu M, Li C, Zhu X. FLT3 inhibitors in acute myeloid leukemia. J Hematol Oncol. 2018;11:133.

17. U.S. Food and Drug Administration. Drug Approval Package: XOSPATA (gilteritinib). 2018. https://www.accessdata.fda.gov/drugsatfda_docs/nda/2018/
211349Orig1_toc.cfm. Accessed February 16, 2019.

18. Cortes JE, Khaled SK, Martinelli G, et al. Efficacy and safety of single-agent quizartinib (Q), a potent and selective FLT3 inhibitor (FLT3i), in patients (pts) with
FLT3-internal tandem duplication (FLT3-ITD)–mutated relapsed/refractory (R/R) acute myeloid Leukemia (AML) Enrolled in the global, phase 3, randomized
controlled Quantum-R trial. Presented at: American Society of Hematology Annual Symposium; December 2018; San Diego, CA.

19. Smith CC, Lasater EA, Lin KC, et al. Crenolanib is a selective type I pan-FLT3 inhibitor. Proc Natl Acad Sci USA. 2014;111:5319-5324.

20. Galanis A, Ma H, Rajkhowa T, et al. Crenolanib is a potent inhibitor of FLT3 with activity against resistance-conferring point mutants. Blood. 2014;123:94-100.

21. Randhawa JK, Kantarjian HM, Borthakur G, et al. Results of a phase II study of crenolanib in relapsed/refractory acute myeloid leukemia patients (Pts) with
activating FLT3 mutations [abstract]. Blood. 2014;124:389.

22. Altman JK, Foran JM, Pratz KW, et al. Phase 1 study of quizartinib in combination with induction and consolidation chemotherapy in patients with newly
diagnosed acute myeloid leukemia. Am J Hematol. 2018;93:213-221.

23. Cortes J, Perl AE, Dombret H, et al. Final results of a phase 2 open-label, monotherapy efficacy and safety study of quizartinib (AC220) in patients ≥ 60 years of
age with FLT3 ITD positive or negative relapsed/refractory acute myeloid leukemia. Blood. 2012;120:48.

24. Daver N, Cortes J, Kantarjian H, et al. Acute myeloid leukemia: advancing clinical trials and promising therapeutics. Expert Rev Hematol. 2016;9:433-445.

25. Burchert A, Bug G, Finke J, et al. Sorafenib as maintenance therapy post allogeneic stem cell transplantation for FLT3-ITD positive AML: results from the
randomized, double-blind, placebo-controlled multicentre sormain trial. Blood. 2018;132:661.

26. Brunner AM, Neuberg DS, Wander SA, et al. Isocitrate dehydrogenase 1 and 2 mutations, 2-hydroxyglutarate levels, and response to standard chemotherapy for
patients with newly diagnosed acute myeloid leukemia. Cancer. 2019;125:541-549.

27. Yan H, Parsons DW, Jin G, et al. IDH1 and IDH2 mutations in gliomas. N Engl J Med. 2009;360:765-773.

28. Figueroa ME, Abdel-Wahab O, Lu C, et al. Leukemic IDH1 and IDH2 mutations result in a hypermethylation phenotype, disrupt TET2 function, and impair
hematopoietic differentiation. Cancer Cell. 2010;18:553-567.

29. XuW, Yang H, Liu Y, et al. Oncometabolite 2-hydroxyglutarate is a competitive inhibitor of α-ketoglutarate-dependent dioxygenases. Cancer Cell. 2011;19:17-30.

30. DiNardo CD, Stein EM, de Botton S, et al. Durable remissions with ivosidenib in IDH1-mutated relapsed or refractory AML. N Engl J Med. 2018;378:2386-2398.

31. Stein EM, DiNardo CD, Fathi AT, et al. Molecular remission and response patterns in patients with mutant-IDH2 acute myeloid leukemia treated with enasidenib.
Blood. 2018;133:676-687.

32. Norsworthy KJ, Mulkey, F, Ward AF, et al. Incidence of differentiation syndrome with ivosidenib (IVO) and enasidenib (ENA) for treatment of patients with relapsed
or refractory (R/R) isocitrate dehydrogenase (IDH)1- or IDH2-mutated acute myeloid leukemia (AML): a systematic analysis by the U.S. Food and Drug
Administration. Presented at: American Society of Hematology Annual Symposium; December 2018; San Diego, CA.

33. U.S. Food and Drug Administration. https://www.fda.gov/Drugs/InformationOnDrugs/ApprovedDrugs/ucm626499.htm. Accessed February 11, 2019.

Heuser et al

418 2019 ASCO EDUCATIONAL BOOK | asco.org/edbook

Downloaded from ascopubs.org by 193.140.153.80 on July 4, 2019 from 193.140.153.080
Copyright © 2019 American Society of Clinical Oncology. All rights reserved.

https://www.accessdata.fda.gov/drugsatfda_docs/nda/2018/211349Orig1_toc.cfm
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2018/211349Orig1_toc.cfm
https://www.fda.gov/Drugs/InformationOnDrugs/ApprovedDrugs/ucm626499.htm
http://asco.org/edbook


34. U.S. Food and Drug Administration. Drug Approval Package: VYXEOS (daunorubicin and cytarabine). https://www.accessdata.fda.gov/drugsatfda_docs/nda/
2017/209401Orig1s000TOC.cfm. Accessed February 11, 2019.

35. U.S. Food and Drug Administration. https://www.fda.gov/Drugs/InformationOnDrugs/ApprovedDrugs/ucm626494.htm. Accessed February 11, 2019.

36. Pollyea DA, Pratz KW, Jonas BA, et al. Venetoclax in combination with hypomethylating agents induces rapid, deep, and durable responses in patients with AML
ineligible for intensive therapy. Presented at: American Society of Hematology Annual Symposium; December 2018; San Diego, CA.

37. Sallman DA, DeZern AE, Steensma DP, et al. Phase 1b/2 combination study of APR-246 and azacitidine (AZA) in patients with TP53 mutant dyelodysplastic
syndromes (MDS) and acute myeloid leukemia (AML). Presented at: American Society of Hematology Annual Symposium; December 2018; San Diego, CA.

38. O’Donnell MR, Tallman MS, Abboud CN, et al. Acute myeloid leukemia, version 3.2017: clinical practice guidelines in oncology. JNCCN J Natl Compr Cancer
Netw. 2017;15:926-957.

39. Krönke J, Schlenk RF, Jensen KO, et al. Monitoring of minimal residual disease in NPM1-mutated acute myeloid leukemia: a study from the German-Austrian
acute myeloid leukemia study group. J Clin Oncol. 2011;29:2709-2716.
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