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New drugs creating new challenges in acute myeloid leukemia
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The therapeutic landscape is rapidly changing, with eight new drugs approved by the Food and

Drug Administration within the last 2 years, including midostaurin and gilteritinib for FLT3

mutant newly diagnosed and relapsed/refractory (R/R) acute myeloid leukemia (AML), respec-

tively; CPX-351 (liposomal cytarabine and daunorubicin) for therapy-related AML and AML with

myelodysplasia-related changes; gemtuzumab ozogamicin (anti-CD33 monoclonal antibody con-

jugated with calicheamicin) for newly diagnosed and R/R CD33-positive AML; enasidenib and

ivosidenib for IDH2 and IDH1 mutant R/R AML, respectively. Novel therapies have also

emerged for newly diagnosed AML in adults who are age 75 years or older, or who have com-

orbidities that preclude the use of intensive induction chemotherapy. These include venetoclax

(BCL-2 inhibitor) in combination with hypomethylating agents (azacitidine or decitabine) or low-

dose cytarabine (LDAC), and glasdegib (sonic hedgehog pathway inhibitor) in combination with

LDAC. This flurry of new drug approvals has markedly altered the treatment landscape in AML

and provided new opportunities, as well as new challenges for treating clinicians. This review

will focus on how these drugs might shape clinical practice and the hurdles likely to be faced by

new therapies seeking entry into this dynamic and rapidly changing therapeutic landscape.
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1 | INTRODUCTION

After being in the therapeutic wilderness for several decades, acute

myeloid leukemia (AML) has recently been thrust into the limelight

with a series of drug approvals including midostaurin (RYDAPT; Novartis)

and gilteritinib (XOSPATA; Astellas Pharma) for FLT3mutant (both inter-

nal tandem duplication [ITD] and tyrosine kinase domain [TKD] muta-

tions) newly diagnosed and relapsed/refractory (R/R) AML, respectively;

CPX-351 (VYXEOS; Jazz Pharmaceuticals) for secondary AML (including

AML with myelodysplasia-related changes [AML-MRC] and therapy-

related AML [t-AML]); gemtuzumab ozogamicin (MYLOTARG; Pfizer

Inc.) for newly diagnosed and R/R CD33-positive AML; enasidenib

(IDHIFA; Celgene Corp.) and ivosidenib (TIBSOVO; Agios Pharmaceuti-

cals Inc.) for IDH2 and IDH1 mutant R/R AML, respectively; venetoclax

(VENCLEXTA; AbbVie Inc.) in combination with hypomethylating agents

(HMAs; azacitidine or decitabine) or low-dose cytarabine (LDAC), and

glasdegib (DAURISMO; Pfizer Inc.) in combination with LDAC for newly

diagnosed AML in adults age 75 years or older, or who have com-

orbidities that preclude use of intensive induction chemotherapy

(Table 1). This review will focus on how these drugs might now shape

clinical practice and the challenges for future drug developers seeking to

bring new therapies into this dynamic and rapidly changing therapeutic

landscape.

2 | NEW FRONTIERS IN FRONTLINE AML
THERAPY IN PATIENTS FIT FOR INTENSIVE
CHEMOTHERAPY

2.1 | The changing face of FLT3 mutant AML

Activating FLT3-ITD and TKD mutations were first reported in 19961

and 2001,2 respectively. Recognition that FLT3-ITD was associated

with inferior prognosis in cytogenetically normal AML, led to the com-

mon practice of allogeneic hematopoietic stem cell transplant (HSCT)

for patients in first remission.3 The failure to demonstrate a benefit

for HSCT among patients with FLT3-ITD mutant: wild-type allelic

ratios <0.5 (FLT3-ITDlow) led the European LeukemiaNet (ELN) Com-

mittee to designate patients with NPM1MUT and FLT3-ITDlow as rep-

resenting a more favorable risk subgroup.4

On April 28, 2017, the United States Food and Drug Administration

(FDA) approved the use of the FLT3 inhibitor midostaurin in combination

with intensive induction and consolidation therapy for patients with FLT3
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mutant AML. Midostaurin was initially characterized as a protein kinase C

inhibitor and later as a VEGF/angiogenesis inhibitor (see review by Stone

et al).5 A drug screen identifiedmidostaurin to have FLT3 inhibitory activity,

which led to its redevelopment as a drug for FLT3 mutant AML.6 After a

decade-long clinical development journey, midostaurinwas evaluated in the

pivotal “RATIFY” randomized trial, which combined midostaurin or placebo

with standard induction and consolidation chemotherapy, followed by

12 months of midostaurin or placebo maintenance in patients with FLT3-

ITD low (0.05-0.7) and high allelic ratio (>0.7), as well as in patients with

FLT3-TKD. RATIFYwas amammoth effort involving 13 cooperative groups

and 225 sites from 17 countries, and screened 3277 patients to randomize

717 patients between the ages of 18 and 59 with FLT3-ITD or FLT3-TKD

AML.7 The trial demonstrated an improved overall survival (OS) for patients

randomized to midostaurin vs placebo (median OS increased from 26 to

75 months and4-yearOS increased from44% to 51%).7

One of the most challenging questions now for clinical practice is

deciding which patients with FLT3-ITD should undergo HSCT in the

midostaurin era. Post hoc analyses have indicated that midostaurin

was particularly beneficial in patients with NPM1MUTFLT3-ITDlow with

5-year OS exceeding 70%.8 Although NPM1MUTFLT3-ITDlow is listed as

a favorable entity in the ELN2017 classification,4 this view has been

challenged by some groups.9–11 NPM1MUT MRD monitoring in this sub-

group of patients may have utility in identifying patients at higher risk

of relapse.12 Therefore, patients with NPM1MUTFLT3-ITDlow receiving

midostaurin and found to be low/negative for NPM1MUT MRD after

induction therapy may represent a very favorable risk that could be rea-

sonably followed by MRD surveillance without proceeding to allogeneic

HSCT in first remission.

Although the RATIFY trial did not include patients ≥60 years, the

FDA did not impose an upper age limit to the use of midostaurin. The

German AML Study Group has demonstrated the feasibility of combining

midostaurin with intensive chemotherapy for patients up to 70 years in

single-arm AMLSG 16-10 study. The complete remission (CR) rate

including CR with incomplete hematologic recovery (CRi) was 78% in

patients aged 61 to 70 years, with 2-year event-free survival (EFS) 35%

and OS 46%.13 However, caution should be exercised when adding

midostaurin to standard induction chemotherapy, as the cardiac adverse

events appeared higher in older patients.13 In another randomized study

by Study Alliance Leukemia, sorafenib was combined with standard che-

motherapy in the older patients regardless of FLT3 mutation status. This

study also observed higher toxicity when sorafenib was combined with

intensive chemotherapy in older AML populations.14

2.2 | Challenges for developing FLT3 inhibitors in
the frontline AML space

The approval of midostaurin has transformed the treatment landscape for

FLT3 mutant AML and made the development of new drugs in this space

potentially more difficult and complicated. In countries where midostaurin

is now available, the comparator arm will now need to include midostaurin

in the chemotherapy backbone, rather than chemotherapy alone. There-

fore, any new FLT3 inhibitor must demonstrate superiority over and above

midostaurin. Midostaurin improved OS with a HR of 0.78. Any new FLT3

inhibitor attempting to enter the market will need to show superiority over

chemotherapy in combination withmidostaurin, as it would now be difficult

to conduct a study in patients with FLT3 mutation without a FLT3 inhibi-

tor incorporated into the control arm.

2.3 | Newer FLT3 inhibitors

Several FLT3 inhibitors are in first-line registration trials aiming to emu-

late the success of the RATIFY trial (see several reviews).9,15–17

TABLE 1 Overview of recent novel therapies in acute myeloid leukemia

Population Current therapy Mechanism of action Regulatory status

Newly diagnosed AML

Fit adults (“7 + 3” chemotherapy) Cytarabine: pyrimidine analog
(antimetabolite)

Anthracycline: topoisomerase II inhibitor

Combination in use since 1973

- FLT3 mutant + Midostaurin Multitargeted kinase (including type 1 FLT3)
inhibitor

FDA: April 28, 2017
EMA: September 20, 2017

- FLT3 wild-type,
(nonadverse CG)

+ Gemtuzumab
ozogamicin

Anti-CD33 monoclonal antibody conjugated
to calicheamicin

FDA: September 1, 2017
EMA: May 4, 2018

- t-AML or AML-MRC CPX-351 Liposomal formulation of cytarabine and
daunorubicin at fixed 5:1 M ratio

FDA: August 3, 2017

Unfit (elderly) adults

Venetoclax + HMA/LDAC BCL-2 inhibitor, promoting apoptotic cell
death

FDA: November 21, 2018

Glasdegib + LDAC Inhibitor of Sonic hedgehog pathway FDA: November 21, 2018

Relapsed/refractory AML

IDH1 mutant Ivosidenib IDH1 inhibitor FDA: July 20, 2018

IDH2 mutant Enasidenib IDH2 inhibitor FDA: August 1, 2017

FLT3 mutant Gilteritinib
Quizartinib

Type 1 FLT3 and AXL inhibitor
Type 2 FLT3 inhibitor (inactive against TKD

mutation mutations)

FDA: November 28, 2018
FDA priority review November 21, 2018

CD33 positive
(regardless of IDH1/2
and FLT3 status)

Gemtuzumab ozogamicin Anti-CD33 monoclonal antibody conjugated
to calicheamicin

FDA: September 1, 2017
EMA: May 4, 2018

904 TIONG AND WEI



Sorafenib has been shown to improve EFS, but not OS in younger

adults with AML.18 The study was not limited to patients with FLT3

mutant AML and there were only 46/267 (17%) patients with FLT3-

ITD, which was, therefore, insufficient to enable definitive conclusions

to be drawn. The Australasian Leukemia and Lymphoma Group has

recently completed a randomized frontline trial in younger adults with

FLT3-ITD AML up to the age of 65 combining sorafenib vs placebo with

intensive induction and consolidation therapy, followed by 12 months

of maintenance treatment (ALLG AMLM16; ACTRN12611001112954).

Quizartinib is a more selective type 2 FLT3 inhibitor being examined

in younger adults with newly diagnosed FLT3-ITD mutated AML

(NCT02668653). The study commenced prior to the approval of

midostaurin, thus a placebo control arm was included. If this study is posi-

tive for survival, it will be interesting to speculate how clinicianswill decide

which FLT3 inhibitor option to use. Midostaurin will have the advantage

of being useful for patients with FLT3-TKD, in contrast to quizartinib.

Among patients with FLT3-ITD, comparative differences in efficacy

between midostaurin and quizartinib will be hard to prove, as the agents

were not randomized against each other. Differences in tolerability profile,

health economic factors and perceived differences in the magnitude of

clinical benefit may ultimately determine which FLT3 inhibitor becomes

the standard of care therapy for this patient population.

Other FLT3 inhibitors undergoing frontline evaluation include cre-

nolanib, a type 1 FLT3 inhibitor active against both FLT3-ITD and FLT3-

TKD mutant AML19 and gilteritinib, a type 1 FLT3/AXL inhibitor.20

Phase 1b/2 studies have been conducted and show promising activity

and tolerability for either crenolanib (NCT02283177) or gilteritinib

(NCT02236013) in combination with chemotherapy in patients with

FLT3 mutant AML. Crenolanib in combination with chemotherapy

resulted in CR/CRi rates of 24/25 (96%) among FLT3mutant subjects,21

and were able to overcome poor prognostic impact of co-occurring

driver mutations (eg, FLT3-ITD, NPM1, and DNMT3A mutations).22

Gilteritinib at ≥80 mg/day gilteritinib (n = 27) also produced CR/CRi

rates of 89%.23 At first glance, these CR/CRi rates appeared significantly

higher than that achieved using midostaurin, however, the RATIFY study

reported only rates of CR (59%) and was not inclusive of CRi.

Registration opportunities remain for positioning FLT3 inhibitors in

maintenance post-allogeneic HSCT. Although the RATIFY study incorpo-

rated maintenance midostaurin or placebo postchemotherapy, the value

of maintenance midostaurin after HSCT remains uncertain.24 Another

FLT3 inhibitor, sorafenib, has been used as maintenance in FLT3-ITD

mutated AML (nonrandomized study) after HSCT (n = 214) and shown

to improve 2-year progression-free survival (82% in the maintenance

arm and 45% in the control arm) and OS (100% vs 60%).25 Another ran-

domized study also showed that sorafenib post-HSCT significantly

improved 2-year relapse-free survival from 53% to 85%.26 Mechanisti-

cally, it has been shown that sorafenib facilitates the secretion of IL-15

from FLT3-ITD positive AML cells, which promotes an increase in

alloreactive CD8+CD107a+IFN-γ+ T cells and eradication of residual leu-

kemia in the post-HSCT setting.27 Various other FLT3 inhibitors are also

being examined as maintenance in first remission (eg, gilteritinib

[NCT02927262] and quizartinib [NCT02668653]) and in the post-HSCT

setting (eg, midostaurin [NCT0188336], crenolanib [NCT02400255],

and gilteritinib [NCT02997202]).

3 | CHALLENGING STANDARD INDUCTION
CHEMOTHERAPY IN NON-FLT3
MUTANT AML

Gemtuzumab ozogamicin (GO [MYLOTARG]; Pfizer Inc.) was reapproved

by the FDA on September 1, 2017 after withdrawal from the market in

2010, based on new data showing improved tolerability and efficacy with

a fractionated dosing schedule for treatment of newly diagnosed28–31 and

R/R CD33-positive AML.32 The ALFA-0701 study, conducted in patients

with de novo AML aged between 50 and 70 years, demonstrated that GO

delivered as a fractionated dose of 3 mg/m2 on D1,4,7 in combination

with induction with daunorubicin 60 mg/m2 D1-3 and cytarabine

200 mg/m2 D1-7 improved median EFS from 12 to 20 months and OS

from 19 to 34 months.30 A recent correlative analysis showed that EFS

was only improved among patients with high levels of AML blast CD33+

expression (>70%).33 The major safety concern with GO is the risk of

veno-occlusive disease, which occurred in 3/139 (2.2%) patients receiving

GO, of which two were fatal.30 Avoiding HSCT within 90 days of GO

administrationmay reduce the risk of this serious complication. In practice,

GOmay find its most acceptable place in patients with core-binding factor

AML,who are less likely to be subjected toHSCT in first remission. Indeed,

a meta-analysis of five randomized studies, including 3325 patients with

AML concluded that the benefit of GOwas limited to patients with favor-

able and intermediate-risk karyotype.34

Another newdrug recently approved by the FDA in the first-line AML

setting is CPX-351 (VYXEOS; Jazz Pharmaceuticals), a liposomal formula-

tion encapsulating cytarabine and daunorubicin at a fixed synergistic

5:1M ratio. Approval was based on a pivotal phase 3 study in 309 patients

aged 60 to 75 years with a history of prior cytotoxic treatment, anteced-

ent myelodysplastic syndrome (MDS) or chronic myelomonocytic leuke-

mia (CMML), or AML with WHO-defined MDS-related cytogenetic

abnormalities. Prior exposure to HMAs for CMML or MDS was also

allowed. This study demonstrated a higher CR rate (47.7% vs 33.3%,

P = 0.016) and OS (median 9.56 vs 5.95 months, HR = 0.69, one-sided

P = 0.003) for CPX-351 over 7 + 3 (60 mg/m2 daunorubicin).35 This led

to FDA approval on August 3, 2017 for the treatment of adults with t-

AML or AML-MRC. In subgroup analyses, CPX-351 was not shown to be

superior to standard chemotherapy among patients with prior HMA agent

exposure. CPX-351 has also not been shown to overcome the negative

prognostic impact of TP53mutation.36–38

4 | CHALLENGES IN VALIDATING
POSTREMISSION MAINTENANCE THERAPY
IN AML

Despite achieving CR in ~70% of patients with AML, 30% to 80%

relapse within the first 2 years depending on age and disease

characteristics,39 representing the commonest cause of mortality in

AML. The use of maintenance therapy to eradicate residual leukemic

and/or preleukemic clones is theoretically sensible, considering signifi-

cant proportions of patients have persistently detectable leukemia-

associated mutations after induction chemotherapy.40–42 However,

the role of maintenance therapy in AML remains controversial (see

review by Rashidi et al.).43 Clinical trials seeking to evaluate the
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efficacy of maintenance therapy are hampered by the small fraction of

patients typically enrolled onto maintenance studies (~25%).

Several trials have focused on evaluating maintenance therapy in

older patients with AML. In a phase 3 study conducted by the GOELAMS

AML cooperative group, patients with AML age ≥60 years were random-

ized to receive maintenance with norethandrolone (an androgen) or no

maintenance for 2 years, after the completion of induction therapy and

six courses of conventional chemotherapy alternating with methotrexate

and mercaptopurine. Although disease-free survival (DFS) was improved

with norethandrolone maintenance, separation of the Kaplan-Meier sur-

vival curve only occurred after 1 year. Interestingly, the OS curve for

norethandrolone only crossed into superior territory after ~2.5 years.44

Azacitidine has been evaluated in several phase 3 studies in the

elderly patients with AML as a postremission maintenance therapy.

The HOVON group recruited 116 patients age ≥60 years with AML or

MDS (refractory anemia with excess blasts) in CR/CRi after at least

two cycles of intensive chemotherapy (HOVON-97 study), random-

ized to azacitidine (50 mg/m2 days 1-5 every 4 weeks) or observation.

The 12-month DFS was significantly improved with azacitidine (64%

vs 42%) but this did not translate into a significant improvement in OS

(84% vs 70%).45 In another ongoing phase 3 trial of older patients

(>60 years) with AML in first remission, 149 patients were randomized

to azacitidine or observation after completing two courses of 7 + 3

induction and one cycle of consolidation with intermediate-dose

cytarabine (800 mg/m2 bid days 1-3). Interim analysis of 54 patients

showed DFS and OS benefit in patients >73 years of age.46

4.1 | Clinical utility of MRD to guide postremission
therapy

MRD has become increasingly important as a prognostic indicator in

AML and as a monitoring tool for the early detection of preclinical

relapse. The ELN MRD Working Party have recently published guide-

lines on the methodology, use and interpretation of multiparametric

flow cytometry and molecular-based MRD testing.47 With the emer-

gence of novel and targeted therapies, the use of MRD as a clinical

endpoint is likely to become more important in the future. This is

already considered routine for patients with APL receiving ATRA and

arsenic-based therapy. Future possibilities include enhanced MRD

eradication of IDH mutant disease with IDH inhibitors,48 FLT3-

ITD/TKD with FLT3 inhibitors49 and core-binding factor AML with

GO,50 as all these therapies have been reported to result in MRD nega-

tive responses in certain patients treated in prior clinical trials.

5 | CHALLENGING THE NOTION THAT
TREATING OLDER PATIENTS WITH AML IS
FUTILE

The management of AML in the older patients remains challenging,

with medical comorbidities and adverse cytogenetic and molecular

risk factors more common in older patients and associated with

poorer outcomes after intensive chemotherapy.51,52 The median age

at the time of AML diagnosis is ~70 years.53 With progressive age,

response rates fall with intensive chemotherapy, whereas the risk of

early death rises (Figure 1).54 There is a prevailing view that outcomes in

older patients are extremely poor, with only modest clinical responses

achievable with current treatment options, including azacitidine (28%),

decitabine (26%), or LDAC (11%-18%).55–57 Consequently, approxi-

mately one-third of patients >75 years with AML appear to be palliated

without active therapy.58 Therefore, the need for more effective and

less toxic treatment options is paramount.

5.1 | The rise of the BH3-mimetics

Venetoclax is a selective BH3-mimetic that targets BCL-2, releasing

pro-apoptotic BH3-only proteins, such as BIM and activating down-

stream BAX and BAK. Activated BAX/BAK facilitates release of mito-

chondrial intermembrane molecules, such as cytochrome c, resulting

in activation of the caspase cascade and programmed cell death.59

Increased expression of pro-survival BCL-2 relative to pro-apoptotic

protein BAX is associated with inferior outcomes in patients receiving

intensive chemotherapy for AML.60 Targeting BCL-2 in AML repre-

sents an attractive approach, as preclinical studies have indicated the

potential for venetoclax to synergistically enhance the activity of a

broad range of anti-leukemic drugs such as HMA,61,62 cytarabine,

idarubicin,63 and MDM2 antagonists.64

In clinical studies, although the selective BCL-2 inhibitor venetoclax

has modest activity as monotherapy in R/R AML,65 more impressive

results have been observed in two phase 1b/2 studies using venetoclax

in combination with either HMA or LDAC in older (≥65 years) patients

with newly diagnosed AML unfit for intensive chemotherapy. In a study

of 145 patients, venetoclax plus azacitidine or decitabine produced a

CR/CRi in 67%, median OS lasting 17.5 months and 46% were alive at

2 years.66 Similarly, in study of 82 patients (prior HMA exposure

allowed), venetoclax plus LDAC (20 mg/m2 subcutaneous daily d1-10)

produced a CR/CRi in 54%, median OS lasting 10.1 months and 44%

FIGURE 1 The outcomes (red line = complete remission [CR] rates;

blue line = early death rates) of 2767 patients with acute myeloid
leukemia (AML) diagnosed in 1997 to 2005 on Swedish Acute
Leukemia Registry. Black line represents proportion of all AML cases
according to different age groups. Figure produced based on
publication by Juliusson et al.54

906 TIONG AND WEI



were alive at 1 year.67 Importantly, responses were achieved rapidly

(median ~1 month), with virtually no clinical tumor lysis syndrome and

low early (30-day) mortality (3%-6%). Based on these highly promising

outcomes, venetoclax in combination with azacitidine, decitabine, or

LDAC for previously untreated patients with AML older than 75 years

or unfit for intensive chemotherapy was approved by the FDA on

November 21, 2018. Phase 3 randomized placebo-controlled registra-

tion studies are currently underway to validate the benefit of venetoclax

in combination with standard therapies in unfit elderly AML: venetoclax

(400 mg/d) plus azacitidine vs azacitidine alone (NCT02993523) and

venetoclax (600 mg/d) plus LDAC or LDAC alone (NCT03069352).

5.2 | The challenge of TP53 mutant AML

TP53 mutations are more common in the elderly AML patients (10%-

18%) compared with younger patients (<5%).51,68,69 Responses to

cytotoxic therapy among patients with TP53-mutated AML are partic-

ularly poor. Even among patients who achieved CR following intensive

chemotherapy, mutant clones frequently persist in remission samples

(~70%).40,41 Long-term outcomes among patients with TP53 mutation

treated with venetoclax in combination with either HMA or LDAC do

not appear substantially improved, suggesting this subpopulation

remains clinically challenging.70 Extended 10-day regimens of deci-

tabine have been proposed to be effective in TP53-mutant AML.71 A

randomized study examining 71 newly diagnosed patients age

>60 years with AML showed no additional benefit of the 10 vs 5-day

approach in terms of clinical response (CR/CRi 40% vs 43%) or OS

(median 6 vs 5.5 months), including the subgroup with TP53mutations

(CR/CRi 8/17 [47%] vs 2/7 [29%], P = 0.40).72

APR-246 is a PRIMA-1 (p53 re-activation and induction of mas-

sive apoptosis) analogue aimed at restoring a normal conformation of

mutant p53. A phase 1b/2 study combining APR-246 with azacitidine

in patients with TP53-mutant MDS and oligoblastic AML is ongoing

(NCT03072043). So far, 12 patients have been enrolled (three AML

and nine MDS), with CR achieved in 82% and morphologic leukemia-

free state (MLFS) in 18%. With a median follow-up time of 7 months,

median OS has not been reached.73

5.3 | Other low-intensity therapeutic approaches in
late stage development for older patients with AML

Glasdegib (DAURISMO [PF-04449913]; Pfizer Inc.) is a potent oral

selective inhibitor of the smoothened receptor, which is part of the

Hedgehog signaling pathway. Hedgehog signaling has been implicated

in mediating AML chemoresistance.74–76 In a phase 2 study (BRIGHT

AML1003, NCT01546038), 115 patients with newly diagnosed AML

either ≥75 years or unfit for intensive chemotherapy were random-

ized to LDAC 20 mg subcutaneously twice daily on days 1 to 10 plus

glasdegib 100 mg daily (n = 77) or LDAC alone (n = 38). Despite the

modest CR rate (18.2% in patients receiving glasdegib compared to

2.3% for LDAC alone), median OS was significantly improved from 4.3

to 8.3 months (HR 0.46, 95% CI 0.30-0.71).77–79 On November

21, 2018, the FDA approved glasdegib in combination with LDAC for

newly diagnosed AML either age ≥75 years or with comorbidities pre-

cluding intensive induction chemotherapy. A phase 3 randomized study

(BRIGHT AML1019) comparing glasdegib/placebo plus azacitidine in

320 patients with AML not suitable for intensive chemotherapy is also

underway (NCT03416179).

Inhibition of both DNA hypermethylation and histone deacetylation

is proposed to synergistically induce reexpression of silenced genes in

cell lines and in MDS/AML primary patient cells.80,81 The histone

deacetylase inhibitor pracinostat has been combined with azacitidine in

patients ≥65 years with previously untreated AML. CR/CRi was

observed in 23/50 (46%) patients, 60-day mortality 10%, median OS

19.1 months, and 1 and 2-year OS of 62% and 45%, respectively.82 This

is a promising preliminary efficacy in elderly AML despite the lack of

superiority of combination therapy over azacitidine alone in higher-risk

MDS.83 A phase 3 randomized study of pracinostat (or placebo) in com-

bination with azacitidine is currently underway in patients unfit for stan-

dard induction chemotherapy (NCT03151408).

Guadecitabine (SGI-110) was designed as a next-generation DNA

methyltransferase inhibitor resistant to degradation by cytidine deam-

inase. As a dinucleotide of decitabine and deoxyguanosine, pharmaco-

kinetic studies showed the half-life was improved 4-fold to 12 hours,

permitting prolonged exposure of tumor cells to the active metabolite,

decitabine.84 A phase 1/2 study in treatment-naïve AML patients age

≥65 years unfit for chemotherapy determined the 5-day (60 mg/m2/d)

guadecitabine schedule to be optimal, producing a CR/CRi rate of 54%

and median OS 10.5 months.85 A multinational randomized phase

3 study was performed in 815 patients with treatment naïve AML unfit

to receive intensive chemotherapy (ASTRAL-1).86 The study, however,

did not meet its co-primary endpoints of CR (P > 0.04) and OS

(P > 0.01), compared with the control arm of physician's choice of

azacitidine, decitabine, or LDAC.

5.4 | Will lower intensity therapies challenge
intensive chemotherapy in older patients with AML?

The recent approval of venetoclax in combination with lower-intensity

regimens will likely create interest in whether a lower intensity regimen

can be used in place of standard intensive chemotherapy in older patients

with AML, as several nonrandomized studies have suggested that out-

comes with HMA are comparable to intensive chemotherapy.87–89 The

phase 3 AZA-001 trial had only 16 patients with low blast count (20%-

30%) AML preselected for intensive chemotherapy, precluding any

meaningful conclusion.90,91 Another phase 3 study (AZA-AML-001 trial)

compared azacitidine against conventional care regimen among elderly

(age ≥65 years) patients with AML >30% blasts. Subgroup analysis dem-

onstrated similar 1-year OS between patients receiving azacitidine

(n = 43) and intensive chemotherapy (n = 44).56 An EORTC Intergroup

study (AML 21) is currently randomizing 600 patients with AML fit for

intensive chemotherapy ≥60 years to either 10-day course of decitabine

(Dacogen; inDACtion) vs conventional “3 + 7” induction chemotherapy

[NCT02172872]. If this study is positive, it may encourage future ran-

domized studies examining the role of venetoclax plus low-dose chemo-

therapy in place of intensive chemotherapy in fit older patients with

AML. The response rates and OS of venetoclax in combination with low-

intensity therapies in elderly AML appear promising relative to outcomes

reported with intensive chemotherapy (Table 2).35,92 Lower-intensity

approaches may be associated with reduced early mortality, less severe
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toxic complications, and reduced time in hospital. These potential advan-

tages, however, require randomized validation. Molecular correlative

studies have attempted to identify subgroups of patients with particularly

favorable outcome. Although patients with NPM1 and TP53 mutation/

aneuploidy appear to have the best and worst survival outcomes, respec-

tively, these observations remain preliminary.70

6 | THE CHALLENGE OF RELAPSED AND
REFRACTORY (R/R) AML

R/R AML represents a formidable challenge for treating clinicians. Pri-

mary resistance to intensive chemotherapy occurs in 7%-12% of

younger adults93,94 and 14%-34% of older adults.92,95 The risk of

AML relapse occurs in 30%-80%, with higher risk associated with

adverse cytogenetic and molecular risk factors, secondary and t-

AML.4,39 Cytotoxic therapies for R/R AML are generally ineffective

and the benefits short-lived, particularly for relapses occurring within

several months of achieving remission. More recently, however, novel

noncytotoxic approaches have started to re-shape the therapeutic

landscape of chemoresistant AML.

6.1 | IDH1/2 inhibitors

First identified by whole genome sequencing of an index patient with

AML in 2009,96 recurrent hotspot mutations affecting the catalytic

domains of IDH1 (Arg132) and IDH2 (Arg140 and Arg172) have been

found in ~8% and ~12% of AML cases, respectively,69,97–99 and are

more common in the elderly (25%-28%).68,97,99 Mutations in IDH1 or

IDH2 lead to the production of the oncometabolite 2-hydroxyglutarate

(2-HG), which results in epigenetic perturbation and arrested myeloid

differentiation.100–104 Enasidenib (IDHIFA [AG-221]; Celgene) and

ivosidenib (TIBSOVO [AG-120]; Agios) are small-molecule inhibitors

of IDH2 and IDH1, respectively, and have been shown to block

2-HG production and induce myeloblast differentiation.105,106 Other

IDH inhibitors are also in clinical development, such as FT-2102

(Forma Therapeutics), which targets IDH1 (NCT02719574);107 and

AG-881 (Agios), which is a brain-penetrant combined IDH1/2 inhibi-

tor (NCT02492737).

Both enasidenib (approved August 1, 2017)108 and ivosidenib

(approved July 20, 2018)109 were approved on the basis of nonrandomized

studies showing promising response rates (enasidenib CR/CRi 26.6% and

ivosidenib 30.4%) in patients with R/R AML. Approximately, 35%-43% of

patients have also demonstrated transfusion independence, including

thosewith non-CR/CRi responses.48,109 For responding patients,molecular

MRD eradication rates of 35% and 23% for enasidenib (12/35 CR) and

ivosidenib (7/31 CR or CR with partial hematologic recovery [CRh]),

respectively, have been reported, suggesting the potential for marked sup-

pression of IDH mutant clones in some patients.48,109 Response to IDH

inhibitors appears greater among patients with fewer concomitant muta-

tions, which may explain the trend for higher response rates when patients

are treated at earlier stages of disease. Interestingly, late relapses have been

reported in associationwith rising 2-HGandnoncatalytic second sitemuta-

tions located at the homodimer interface.110

In the frontline AML setting, enasidenib produces CR/CRi of

21%-43%111,112 and ivosidenib produces CR/CRh of 41%.113 The

median time to first response and CR to IDH inhibitors are approxi-

mately 1.9 months and 2.8 to 3.7 months, respectively, which can be

challenging for patients with active disease needing to sustain therapy

for several months without certainty of an eventual response. Com-

bining IDH inhibitors with HMAs has been explored in newly diag-

nosed patients ineligible for intensive treatment. Preliminary results

indicate high-response rates are possible for enasidenib (8/11; includ-

ing 4 CR and 1 CRi, 1 partial remission [PR], and 2 MLFS) or ivosidenib

(4/6; 2 CR, 1 PR, and 1 MLFS) in combination with azacitidine.114 It

remains to be determined whether combination therapy will lead to

shorter time to response and higher overall response rate, compared

with monotherapy. Translation of IDH inhibitors into the frontline set-

ting in combination with intensive chemotherapy has also been shown

to be feasible,115 leading to development of randomized registration

studies seeking to incorporate IDH inhibitors into the continuum of

induction, consolidation, maintenance, and post-HSCT maintenance

for patients with AML (HOVON 150 AML, NCT03515512, and

NCT03728335).

6.2 | FLT3 inhibitors

The landscape of R/R AML is also set for change with the recent

approval of the FLT3 inhibitor gilteritinib (XOSPATA; Astellas Pharma

US Inc.) on November 28, 2018, for the treatment of adult patients

who have R/R AML with a FLT3 mutation as detected by an FDA-

approved test. Approval of gilteritinib was based on the interim analy-

sis of phase 3 ADMIRAL trial (NCT02421939), which included

138 adults with R/R AML with FLT3 ITD, D835, or I836 mutation

detected by the LeukoStrat companion diagnostic assay (Invivoscribe

Technologies, Inc.), randomized to either oral gilteritinib 120 mg daily

vs investigators' choice of LDAC, azacitidine, or salvage chemotherapy

(mitoxantrone, etoposide, and cytarabine [MEC], or fludarabine,

cytarabine, granulocyte colony-stimulating factor, and idarubicin

[FLAG-IDA]). After a median follow-up time of 4.6 months (range:

2.8-15.8), composite CR was 21% (CR 11.6% and CRh 9.4%), median

duration of remission 4.6 months, and transfusion independence

31%.116 Full data presentation is eagerly anticipated.

Positive phase 3 (QuANTUM-R trial, NCT02039726) results have

also been reported for the FLT3 inhibitor quizartinib (AC220, Daiichi-

Sankyo), which randomized (2:1) 367 patients with an FLT3-ITD allelic

burden of ≥3% to either single-agent quizartinib (n = 245; 60 mg, with

a 30-mg lead-in of 15 days) or standard salvage chemotherapy

(n = 122; investigators' choice of LDAC [n = 29], MEC [n = 40], or

FLAG-IDA [n = 53]). Median OS was improved by 1.5 months (from

4.7 to 6.2 months), with higher responses (composite CR 48% vs 27%)

achieved in the quizartinib arm, lasting a median of 12.1 months. The

subsequent SCT rate was also higher for patients receiving quizartinib

(32% vs 12%).117 Unlike gilteritinib, quizartinib is a type 2 inhibitor

and is ineffective against FLT3-TKD mutant AML. In relapsing cases,

drug resistant FLT3-TKD and gatekeeper FLT3 mutations have been

observed.118 Both quizartinib and gilteritinib are being explored for

clinical utility in diverse AML settings, including frontline combination

with intensive and nonintensive chemotherapy, maintenance therapy,
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post-transplant maintenance, and in novel combination with non-

cytotoxic drugs in R/R AML.

6.3 | Microenvironment for example, E-selectin

The bone marrow microenvironment (“niche”) is increasingly recognized

to play an important role in AML. E-selectin, an adhesion molecule

expressed constitutively in bone marrow endothelium, interacts with leu-

kemic blasts, supporting leukemic cell dormancy and activating cell sur-

vival pathway, contributing to chemoresistance.119–121 Leukemic cells in

patientswith relapsedAMLhave higher expression of the E-selectin ligand

than those with newly diagnosed AML, suggesting that these cells may

contribute to the likelihood of relapse.120 E-selectin also plays a major role

in chemotherapy-induced mucositis, which could be therapeutically

inhibited.122 Uproleselan (GMI-1271), a selective E-selectin antagonist

disrupting the leukemia-stroma interaction, has been combined with sal-

vage mitoxantrone, etoposide, cytarabine [MEC] chemotherapy (n = 19

and 47 in phase 1 and 2, respectively) in R/RAML and in combinationwith

7 + 3 induction (n = 25) for newly diagnosed older (≥60 years) patients

(NCT02306291).123 In R/R AML, responses (CR/CRi) have been reported

in 41%, remission duration 9.1 months, andmedian OS 8.8months. Grade

3/4 mucositis was observed in only 2%. Responders have higher E-

selectin ligand expression on leukemic stem cells.124 Phase 3 trials are

underway (NCT03616470 andNCT03701308).

6.4 | Immunologic approaches

The three immune-based approaches showing most potential in AML

currently are T cell-recruiting antibody constructs (eg, bispecific T-cell

engager [BiTE] and dual-affinity retargeting [DART]), chimeric-antigen-

receptor (CAR) T cells and checkpoint inhibitors in combination with

HMAs. T cell-recruiting antibody constructs and CAR-T cell

approaches are being developed to target a growing spectrum of sur-

face expressed leukemic antigens, including CD33, CD123, CLL-1, and

FLT3. Preliminary results show these approaches to have positive anti-

leukemic activity in heavily treated patients, with cytokine release

syndrome (CRS) a frequent and challenging issue, impeding more rapid

clinical development.

Flotetuzumab, a CD123 x CD3 bispecific DART molecule, pro-

duced CR/CRi in 5 (19%) of 27 patients with R/R AML in phase

1 study at cohort expansion.125 AMG 330, a CD33 x CD3 BiTE anti-

body construct, is being tested in an ongoing phase 1 first-in-human

dose escalation study (range 0.5-480 μg/d). To date, 4 CR/CRi have

been observed at target doses of 120 and 240 μg/d.126 Case reports

of CAR-T therapies producing robust responses in patients with che-

morefractory AML and acting as a bridge to HSCT have been

reported.127,128 The main challenges for CAR-T cell approaches in

AML, however, center around target specificity, toxicities related to

CRS and central nervous system complications, durability of CAR-T

cells in vivo, and the formidable logistical and economic challenges in

making such complex technologies widely available.

Checkpoint inhibitors have been most actively explored in combi-

nation with HMAs, with the goal of leveraging the potentially benefi-

cial effect of epigenetic therapy on immune effector function.

Azacitidine combined with nivolumab (to target PD-1) in 70 patients

with R/R AML, produced a CR/CRi rate of 22%. The median OS

among patients achieving response (including stable disease) was

16.1 months. Grade 3/4 immune-related adverse events (irAEs) were

observed in 11% patients.129 In another cohort of 14 patients with

R/R AML receiving triple combination azacitidine, nivolumab, and

ipilimumab (to target CTLA-4), CR/CRi rates were 43% and projected

1-year OS 58%. However, grade 3/4 irAEs were noted in 26% of

patients.130 Promising CR/CRi rates of 5/9 (56%) have been observed

in a cohort of elderly unfit AML receiving frontline azacitidine and

nivolumab.131 Nivolumab has also been combined with intensive che-

motherapy in younger patients with newly diagnosed AML: CR/CRi

77%, median OS 18.5 months, grade 3/4 irAEs 14%. Post-transplant

severe graft-vs-host disease was not significantly increased and was

manageable.132 Other checkpoint targets being explored in combina-

tion with HMA include PD-L1, TIM3, and KIR (see review by Daver

et al.).133

TABLE 2 Comparison of approved low-intensity regimens and intensive chemotherapy in elderly patients with acute myeloid leukemia

Venetoclax + HMAa Venetoclax + LDACb Glasdegib + LDACc CPX-351d 7 + 3e

No. of patients 145 82 77 153 813

Median age (range) 74 (65-86) 74 (63-90) 77 (64-92) Mean 68 (60-75) 67 (60-83)

Secondary AML (%) 25 49 51 73 21

Prior HMA (%) Excluded 29 14 41 Not reported

CR/CRi (%) 67 54 24 48 59

De novo 67 71 - - 62

Secondary 67 35 - 48 47

Median OS (months) 17.5 10.1 8.3 9.6 ~12.0

De novo 12.5 16.9 - - -

Secondary Not reached 4.0 - 9.6 -

30-day mortality (%) 3 6 - 6 11

aVenetoclax + HMA: median follow up 15.1 months.66
bVenetoclax + LDAC: Among patients without prior HMA exposure, CR/CRi was 62%, median duration of remission 14.8 months, and median OS 13.5
months.67
cGlasdegib + LDAC: full publication not available; results based on the submitted data within prescribing information.79
dCPX-351: median age not reported; 41 (27%) patients have de novo AML with MDS karyotype.35
e7 + 3: subjects were randomized to either 45 or 90 mg/m2 of daunorubicin; hematological recovery was not required for protocol-defined CR; 64%
patients receiving 90 mg/m2 achieved CR; median OS was estimated from the published figure.92
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7 | CHALLENGES IN CLINICAL TRIAL
DEVELOPMENT IN THE CURRENT CLINICAL
LANDSCAPE

With eight new drug approvals in the past 2 years offering treating phy-

sicians unprecedented therapeutic options in AML, future drug devel-

opments have also become more complex than ever before. In the

frontline AML setting, new drugs must consider how they might exceed

drugs with established efficacy, such as GO in core-binding-factor

AML, midostaurin in FLT3 mutant AML, CPX-351 in t-AML and AML-

MRC, and venetoclax and glasdegib in elderly unfit AML. In the R/R

AML setting, drugs must now show superiority to enasidenib,

ivosidenib, gilteritinib, and quizartinib within small molecularly defined

AML subgroups (Figure 2). The rapidly evolving landscape will likely

require greater cooperation between pharma and academic groups to

better coordinate the effectiveness and efficiency of their clinical devel-

opment strategies in light of the restricted pool of clinical patients. The

FDA appears to have taken a far more aggressive and pro-active stance

on drug approvals than in the past, accepting promising single arm data

(eg, enasidenib, ivosidenib, and venetoclax) prior to completion of piv-

otal phase 3 studies. There is a strong need for platform studies with

greater flexibility to rotate new drugs in and out of clinical development

within molecularly defined disease strata. Greater international cooper-

ation is also required to enable sufficiently large cohorts of patients to

be screened to achieve meaningful patient numbers within increasingly

narrow disease subgroups. Despite AML being in the therapeutic wil-

derness for so many decades and lagging behind the rapid progress

seen in genetic characterization, the field of AML is now entering a

golden phase in clinical development that will radically reshape the

standard of care paradigm over the coming years.

CONFLICT OF INTEREST

I. S. Tiong: None; A. H. Wei: Consultancy: AbbVie, Celgene, Roche,

Janssen, Astellas, Novartis, Amgen, MacroGenics, and Servier.

ORCID

Ing S. Tiong https://orcid.org/0000-0001-7417-4343

REFERENCES

1. Nakao M, Yokota S, Iwai T, et al. Internal tandem duplication of the
flt3 gene found in acute myeloid leukemia. Leukemia. 1996;10(12):
1911-1918.

2. Yamamoto Y, Kiyoi H, Nakano Y, et al. Activating mutation of D835
within the activation loop of FLT3 in human hematologic malignan-
cies. Blood. 2001;97(8):2434-2439.

3. Schlenk RF, Dohner K, Krauter J, et al. Mutations and treatment out-
come in cytogenetically normal acute myeloid leukemia. N Engl J
Med. 2008;358(18):1909-1918.

4. Dohner 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(4):424-447.

5. Stone RM, Manley PW, Larson RA, Capdeville R. Midostaurin: its
odyssey from discovery to approval for treating acute myeloid leuke-
mia and advanced systemic mastocytosis. Blood Adv. 2018;2(4):
444-453.

6. 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(5):433-443.

7. Stone RM, Mandrekar SJ, Sanford BL, et al. Midostaurin plus chemo-
therapy for acute myeloid leukemia with a FLT3 mutation. N Engl J
Med. 2017;377(5):454-464.

8. Döhner K, Thiede C, Larson RA, et al. Prognostic impact of
NPM1/FLT3-ITD genotypes from randomized patients with acute
myeloid leukemia (AML) treated within the international Ratify study.
Blood. 2017;130(suppl 1):467-467.

9. Pratz KW, Levis M. How I treat FLT3-mutated AML. Blood. 2017;129
(5):565-571.

FIGURE 2 Current approach and standard therapies in newly diagnosed and relapsed/refractory acute myeloid leukemia

910 TIONG AND WEI

https://orcid.org/0000-0001-7417-4343
https://orcid.org/0000-0001-7417-4343


10. Sakaguchi M, Yamaguchi H, Najima Y, et al. Prognostic impact of low
allelic ratio FLT3-ITD and NPM1 mutation in acute myeloid leukemia.
Blood Adv. 2018;2(20):2744-2754.

11. Straube J, Ling VY, Hill GR, Lane SW. The impact of age, NPM1(Mut),
and FLT3(ITD) allelic ratio in patients with acute myeloid leukemia.
Blood. 2018;131(10):1148-1153.

12. Ivey A, Hills RK, Simpson MA, et al. Assessment of minimal residual
disease in standard-risk AML. N Engl J Med. 2016;374(5):422-433.

13. Schlenk RF, Weber D, Fiedler W, et al. Midostaurin added to chemo-
therapy and continued single agent maintenance therapy in acute
myeloid leukemia with FLT3-ITD. Blood. 2019;133(8):840-851.

14. Serve H, Krug U, Wagner R, et al. Sorafenib in combination with
intensive chemotherapy in elderly patients with acute myeloid leuke-
mia: results from a randomized, placebo-controlled trial. J Clin Oncol.
2013;31(25):3110-3118.

15. Assi R, Ravandi F. FLT3 inhibitors in acute myeloid leukemia: choos-
ing the best when the optimal does not exist. Am J Hematol. 2018;93
(4):553-563.

16. El Fakih R, Rasheed W, Hawsawi Y, Alsermani M, Hassanein M.
Targeting FLT3 mutations in acute myeloid leukemia. Cell. 2018;7(1):4.

17. Larrosa-Garcia M, Baer MR. FLT3 inhibitors in acute myeloid leuke-
mia: current status and future directions. Mol Cancer Ther. 2017;16
(6):991-1001.

18. Rollig C, Serve H, Huttmann A, et al. Addition of sorafenib versus pla-
cebo to standard therapy in patients aged 60 years or younger with
newly diagnosed acute myeloid leukaemia (SORAML): a multicentre,
phase 2, randomised controlled trial. Lancet Oncol. 2015;16(16):
1691-1699.

19. 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(1):94-100.

20. Mori M, Kaneko N, Ueno Y, et al. ASP2215, a novel FLT3/AXL inhibi-
tor: preclinical evaluation in acute myeloid leukemia (AML). J Clin
Oncol. 2014;32(15):7070-7070.

21. Wang ES, Stone RM, Tallman MS, Walter RB, Eckardt JR, Collins R.
Crenolanib, a type I FLT3 TKI, can be safely combined with
Cytarabine and Anthracycline induction chemotherapy and results in
high response rates in patients with newly diagnosed FLT3 mutant
acute myeloid leukemia (AML). Blood. 2016;128(22):1071-1071.

22. Goldberg AD, Collins RH, Stone RM, et al. Addition of Crenolanib to
induction chemotherapy overcomes the poor prognostic impact of
co-occurring driver mutations in patients with newly diagnosed
FLT3-mutated AML. Blood. 2018;132(suppl 1):1436-1436.

23. Pratz KW, Cherry M, Altman JK, et al. Updated results from a phase
1 study of Gilteritinib in combination with induction and consolida-
tion chemotherapy in subjects with newly diagnosed acute myeloid
leukemia (AML). Blood. 2018;132(suppl 1):564-564.

24. Larson RA, Mandrekar SJ, Sanford BL, et al. An analysis of mainte-
nance therapy and post-Midostaurin outcomes in the international
prospective randomized, placebo-controlled, double-blind trial
(CALGB 10603/RATIFY [Alliance]) for newly diagnosed acute mye-
loid leukemia (AML) patients with FLT3 mutations. Blood. 2017;130
(suppl 1):145-145.

25. Ahmed S, Saliba R, Rondon G, et al. Sorafenib maintenance in
FLT3-ITD mutated acute myeloid leukemia after allogeneic stem cell
transplant. Haematologica. 2017;102(s1):323;abstract n. S792.

26. 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(suppl 1):661-661. San
Diego, CA.

27. Mathew NR, Baumgartner F, Braun L, et al. Sorafenib promotes
graft-versus-leukemia activity in mice and humans through IL-15 pro-
duction in FLT3-ITD-mutant leukemia cells. Nat Med. 2018;24(3):
282-291.

28. Delaunay J, Recher C, Pigneux A, et al. Addition of Gemtuzumab
Ozogamycin to chemotherapy improves event-free survival but not
overall survival of AML patients with intermediate Cytogenetics not
eligible for allogeneic transplantation. Results of the GOELAMS AML
2006 IR study. Blood. 2011;118(21):79-79.

29. Burnett AK, Hills RK, Milligan D, et al. Identification of patients with
acute myeloblastic leukemia who benefit from the addition of
gemtuzumab ozogamicin: results of the MRC AML15 trial. J Clin
Oncol. 2011;29(4):369-377.

30. Castaigne S, Pautas C, Terre C, et al. Effect of gemtuzumab
ozogamicin on survival of adult patients with de-novo acute myeloid
leukaemia (ALFA-0701): a randomised, open-label, phase 3 study.
Lancet. 2012;379(9825):1508-1516.

31. Burnett AK, Russell NH, Hills RK, et al. Addition of gemtuzumab
ozogamicin to induction chemotherapy improves survival in older
patients with acute myeloid leukemia. J Clin Oncol. 2012;30(32):
3924-3931.

32. Taksin AL, Legrand O, Raffoux E, et al. High efficacy and safety pro-
file of fractionated doses of Mylotarg as induction therapy in patients
with relapsed acute myeloblastic leukemia: a prospective study of
the alfa group. Leukemia. 2007;21(1):66-71.

33. Olombel G, Guerin E, Guy J, et al. The level of blast CD33 expression
positively impacts the effect of gemtuzumab ozogamicin in patients
with acute myeloid leukemia. Blood. 2016;127(17):2157-2160.

34. Hills RK, Castaigne S, Appelbaum FR, et al. Addition of gemtuzumab
ozogamicin to induction chemotherapy in adult patients with acute
myeloid leukaemia: a meta-analysis of individual patient data from
randomised controlled trials. Lancet Oncol. 2014;15(9):986-996.

35. Lancet JE, Uy GL, Cortes JE, et al. CPX-351 (cytarabine and daunoru-
bicin) liposome for injection versus conventional Cytarabine plus
Daunorubicin in older patients with newly diagnosed secondary
acute myeloid leukemia. J Clin Oncol. 2018;36(26):2684-2692.

36. Christiansen DH, Andersen MK, Pedersen-Bjergaard J. Mutations
with loss of heterozygosity of p53 are common in therapy-related
myelodysplasia and acute myeloid leukemia after exposure to
alkylating agents and significantly associated with deletion or loss of
5q, a complex karyotype, and a poor prognosis. J Clin Oncol. 2001;19
(5):1405-1413.

37. Devillier R, Mansat-De Mas V, Gelsi-Boyer V, et al. Role of ASXL1
and TP53 mutations in the molecular classification and prognosis of
acute myeloid leukemias with myelodysplasia-related changes.
Oncotarget. 2015;6(10):8388-8396.

38. Goldberg AD, Talati C, Desai P, et al. TP53 mutations predict poorer
responses to CPX-351 in acute myeloid leukemia. Blood. 2018;132
(suppl 1):1433-1433.

39. Rollig C, Bornhauser M, Thiede C, et al. Long-term prognosis of acute
myeloid leukemia according to the new genetic risk classification of
the European LeukemiaNet recommendations: evaluation of the pro-
posed reporting system. J Clin Oncol. 2011;29(20):2758-2765.

40. Jongen-Lavrencic M, Grob T, Hanekamp D, et al. Molecular minimal
residual disease in acute myeloid leukemia. N Engl J Med. 2018;378
(13):1189-1199.

41. Morita K, Kantarjian HM, Wang F, et al. Clearance of somatic muta-
tions at remission and the risk of relapse in acute myeloid leukemia.
J Clin Oncol. 2018;36(18):1788-1797.

42. Rothenberg-Thurley M, Amler S, Goerlich D, et al. Persistence of pre-
leukemic clones during first remission and risk of relapse in acute
myeloid leukemia. Leukemia. 2018;32:1598-1608.

43. Rashidi A, Walter RB, Tallman MS, Appelbaum FR, DiPersio JF. Main-
tenance therapy in acute myeloid leukemia: an evidence-based
review of randomized trials. Blood. 2016;128(6):763-773.

44. Pigneux A, Bene MC, Guardiola P, et al. Addition of androgens
improves survival in elderly patients with acute myeloid leukemia: a
GOELAMS study. J Clin Oncol. 2017;35(4):387-393.

45. Huls G, Chitu DA, Havelange V, et al. Azacitidine maintenance after
intensive chemotherapy improves DFS in older AML patients. Blood.
2019:blood-2018-10-879866. doi: 10.1182/blood-2018-10-879866.
[Epub ahead of print].

46. Oliva EN, Martino B, Salutari P, et al. Randomized open-label, phase
III multicenter trial to evaluate azacitidine post-remission therapy in
elderly patients with acute myeloid leukemia. HemaSphere. 2018;2:
S1;Abstract no. PS983.

47. Schuurhuis GJ, Heuser M, Freeman S, et al. Minimal/measurable
residual disease in AML: consensus document from ELN MRD work-
ing party. Blood. 2018;131:1275-1291.

TIONG AND WEI 911

https://doi.org/10.1182/blood-2018-10-879866


48. Stein EM, DiNardo CD, Fathi AT, et al. Molecular remission and
response patterns in patients with mutant-IDH2 acute myeloid leu-
kemia treated with enasidenib. Blood. 2019;133(7):676-687.

49. Levis MJ, Perl AE, Altman JK, et al. A next-generation sequencing-
based assay for minimal residual disease assessment in AML patients
with FLT3-ITD mutations. Blood Adv. 2018;2(8):825-831.

50. Yin JA, O'Brien MA, Hills RK, Daly SB, Wheatley K, Burnett AK. Mini-
mal residual disease monitoring by quantitative RT-PCR in core bind-
ing factor AML allows risk stratification and predicts relapse: results
of the United Kingdom MRC AML-15 trial. Blood. 2012;120(14):
2826-2835.

51. Tsai CH, Hou HA, Tang JL, et al. Genetic alterations and their clinical
implications in older patients with acute myeloid leukemia. Leukemia.
2016;30(7):1485-1492.

52. Creutzig U, Zimmermann M, Reinhardt D, et al. Changes in cytoge-
netics and molecular genetics in acute myeloid leukemia from child-
hood to adult age groups. Cancer. 2016;122(24):3821-3830.

53. Juliusson G, Lazarevic V, Horstedt AS, Hagberg O, Hoglund M. Swedish
acute leukemia in the real world: why population-based registries are
needed. Blood. 2012;119(17):3890-3899.

54. Juliusson G, Antunovic P, Derolf Å, et al. Age and acute myeloid leu-
kemia: real world data on decision to treat and outcomes from the
Swedish Acute Leukemia Registry. Blood. 2009;113(18):4179-4187.

55. Kantarjian HM, Thomas XG, Dmoszynska A, et al. Multicenter, ran-
domized, open-label, phase III trial of decitabine versus patient
choice, with physician advice, of either supportive care or low-dose
cytarabine for the treatment of older patients with newly diagnosed
acute myeloid leukemia. J Clin Oncol. 2012;30(21):2670-2677.

56. Dombret H, Seymour JF, Butrym A, et al. International phase 3 study
of azacitidine vs conventional care regimens in older patients with
newly diagnosed AML with >30% blasts. Blood. 2015;126(3):
291-299.

57. Burnett AK, Milligan D, Prentice AG, et al. A comparison of low-dose
cytarabine and hydroxyurea with or without all-trans retinoic acid for
acute myeloid leukemia and high-risk myelodysplastic syndrome in
patients not considered fit for intensive treatment. Cancer. 2007;109
(6):1114-1124.

58. Medeiros BC, Satram-Hoang S, Hurst D, Hoang KQ, Momin F,
Reyes C. Big data analysis of treatment patterns and outcomes
among elderly acute myeloid leukemia patients in the United States.
Ann Hematol. 2015;94(7):1127-1138.

59. Hotchkiss RS, Strasser A, McDunn JE, Swanson PE. Cell death. N Engl
J Med. 2009;361(16):1570-1583.

60. Del Poeta G, Venditti A, Del Principe MI, et al. Amount of spontane-
ous apoptosis detected by Bax/Bcl-2 ratio predicts outcome in acute
myeloid leukemia (AML). Blood. 2003;101(6):2125-2131.

61. Tsao T, Shi Y, Kornblau S, et al. Concomitant inhibition of DNA meth-
yltransferase and BCL-2 protein function synergistically induce mito-
chondrial apoptosis in acute myelogenous leukemia cells. Ann
Hematol. 2012;91(12):1861-1870.

62. Bogenberger JM, Delman D, Hansen N, et al. Ex vivo activity of BCL-
2 family inhibitors ABT-199 and ABT-737 combined with
5-azacytidine in myeloid malignancies. Leuk Lymphoma. 2015;56(1):
226-229.

63. Teh TC, Nguyen NY, Moujalled DM, et al. Enhancing venetoclax
activity in acute myeloid leukemia by co-targeting MCL1. Leukemia.
2018;32(2):303-312.

64. Saiki AY, Caenepeel S, Yu D, et al. MDM2 antagonists synergize
broadly and robustly with compounds targeting fundamental onco-
genic signaling pathways. Oncotarget. 2014;5(8):2030-2043.

65. Konopleva M, Pollyea DA, Potluri J, et al. Efficacy and biological cor-
relates of response in a phase II study of Venetoclax Monotherapy in
patients with acute myelogenous leukemia. Cancer Discov. 2016;6
(10):1106-1117.

66. DiNardo CD, Pratz K, Pullarkat V, et al. Venetoclax combined with
decitabine or azacitidine in treatment-naive, elderly patients with
acute myeloid leukemia. Blood. 2019;133(1):7-17.

67. Wei AH, Strickland SA Jr, Hou JZ, et al. Venetoclax Combined With
Low-Dose Cytarabine for Previously Untreated Patients With Acute
Myeloid Leukemia: Results From a Phase Ib/II Study. J Clin Oncol. 2019:
JCO1801600. doi: 10.1200/JCO.18.01600. [Epub ahead of print].

68. Silva P, Neumann M, Schroeder MP, et al. Acute myeloid leukemia in
the elderly is characterized by a distinct genetic and epigenetic land-
scape. Leukemia. 2017;31:1640-1644.

69. Cancer Genome Atlas Research Network, Ley TJ, Miller C, et al.
Genomic and epigenomic landscapes of adult de novo acute myeloid
leukemia. N Engl J Med. 2013;368(22):2059-2074.

70. Strickland S, Chyla B, Popovic R, et al. Cytogenetic and molecular
drivers of outcome with venetoclax-based combination therapies in
treatment-naïve elderly patients with AML. HemaSphere. 2018;18(S1):
S202;Abstract no. PS982.

71. Welch JS, Petti AA, Miller CA, et al. TP53 and decitabine in acute
myeloid leukemia and myelodysplastic syndromes. N Engl J Med.
2016;375(21):2023-2036.

72. Short NJ, Kantarjian HM, Loghavi S, et al. Treatment with a 5-day
versus a 10-day schedule of decitabine in older patients with newly
diagnosed acute myeloid leukaemia: a randomised phase 2 trial. Lan-
cet Haematol. 2019;6(1):e29-e37.

73. Sallman DA, DeZern AE, Steensma DP, et al. Phase 1b/2 combination
study of APR-246 and Azacitidine (AZA) in patients with TP53
mutant myelodysplastic syndromes (MDS) and acute myeloid leuke-
mia (AML). Blood. 2018;132(suppl 1):3091-3091.

74. Lin TL, Matsui W. Hedgehog pathway as a drug target: smoothened
inhibitors in development. Onco Targets Ther. 2012;5:47-58.

75. Munchhof MJ, Li Q, Shavnya A, et al. Discovery of PF-04449913, a
potent and orally bioavailable inhibitor of smoothened. ACS Med
Chem Lett. 2012;3(2):106-111.

76. Clement V, Sanchez P, de Tribolet N, Radovanovic I, Ruiz i Altaba A.
HEDGEHOG-GLI1 signaling regulates human glioma growth, cancer
stem cell self-renewal, and tumorigenicity. Curr Biol. 2007;17(2):
165-172.

77. Cortes JE, Heidel FH, Heuser M, et al. A phase 2 randomized study
of low dose Ara-C with or without Glasdegib (PF-04449913) in
untreated patients with acute myeloid leukemia or high-risk
myelodysplastic syndrome. Blood. 2016;128(22):99-99.

78. Cortes J, Heidel F, Fiedler W, et al. Glasdegib improved overall sur-
vival in patients with acute myeloid leukemia (AML) or
myelodysplastic syndrome (MDS) who achieved complete remission
(CR) and those who did not achieve CR. HemaSphere. 2018:214731;
Abstract no. PF245.

79. DAURISMO (glasdegib) prescribing information, Pfizer Inc. https://
www.accessdata.fda.gov/drugsatfda_
docs/label/2018/210656s000lbl.pdf. Accessed November 26, 2018.

80. Cameron EE, Bachman KE, Myohanen S, Herman JG, Baylin SB. Syn-
ergy of demethylation and histone deacetylase inhibition in the re-
expression of genes silenced in cancer. Nat Genet. 1999;21(1):103-107.

81. Gore SD, Baylin S, Sugar E, et al. Combined DNA methyltransferase
and histone deacetylase inhibition in the treatment of myeloid neo-
plasms. Cancer Res. 2006;66(12):6361-6369.

82. Garcia Manero G, Atallah E, Khaled SK, et al. A phase 2 study of
Pracinostat and Azacitidine in elderly patients with acute myeloid
leukemia (AML) not eligible for induction chemotherapy: response
and long-term survival benefit. Blood. 2016;128(22):100-100.

83. Garcia-Manero G, Berdeja JG, Komrokji RS, et al. A randomized,
placebo-controlled, phase II study of Pracinostat in combination with
Azacitidine (AZA) in patients with previously untreated myelodysplastic
syndrome (MDS). Blood. 2015;126(23):911-911.

84. Issa JJ, Roboz G, Rizzieri D, et al. Safety and tolerability of
guadecitabine (SGI-110) in patients with myelodysplastic syndrome
and acute myeloid leukaemia: a multicentre, randomised, dose-
escalation phase 1 study. Lancet Oncol. 2015;16(9):1099-1110.

85. Kantarjian HM, Roboz GJ, Kropf PL, et al. Guadecitabine (SGI-110) in
treatment-naive patients with acute myeloid leukaemia: phase
2 results from a multicentre, randomised, phase 1/2 trial. Lancet
Oncol. 2017;18(10):1317-1326.

86. Astex Pharmaceuticals and Otsuka announce results of the phase
3 ASTRAL-1 study of guadecitabine (SGI-110) in treatment-naïve
AML patients ineligible to receive intense induction chemotherapy.
https://astx.com/astex-pharmaceuticals-and-otsuka-announce-results-
of-the-phase-3-astral-1-study-of-guadecitabine-sgi-110-in-treatment-
naive-aml-patients-ineligible-to-receive-intense-induction-chemotherapy.
Accessed November 19, 2018.

912 TIONG AND WEI

https://doi.org/10.1200/JCO.18.01600
https://www.accessdata.fda.gov/drugsatfda_docs/label/2018/210656s000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2018/210656s000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2018/210656s000lbl.pdf
https://astx.com/astex-pharmaceuticals-and-otsuka-announce-results-of-the-phase-3-astral-1-study-of-guadecitabine-sgi-110-in-treatment-naive-aml-patients-ineligible-to-receive-intense-induction-chemotherapy
https://astx.com/astex-pharmaceuticals-and-otsuka-announce-results-of-the-phase-3-astral-1-study-of-guadecitabine-sgi-110-in-treatment-naive-aml-patients-ineligible-to-receive-intense-induction-chemotherapy
https://astx.com/astex-pharmaceuticals-and-otsuka-announce-results-of-the-phase-3-astral-1-study-of-guadecitabine-sgi-110-in-treatment-naive-aml-patients-ineligible-to-receive-intense-induction-chemotherapy


87. Quintas-Cardama A, Ravandi F, Liu-Dumlao T, et al. Epigenetic ther-
apy is associated with similar survival compared with intensive che-
motherapy in older patients with newly diagnosed acute myeloid
leukemia. Blood. 2012;120(24):4840-4845.

88. Gupta N, Miller A, Gandhi S, et al. Comparison of epigenetic versus
standard induction chemotherapy for newly diagnosed acute myeloid
leukemia patients ≥60 years old. Am J Hematol. 2015;90(7):639-646.

89. Oh SB, Park SW, Chung JS, et al. Therapeutic decision-making in
elderly patients with acute myeloid leukemia: conventional intensive
chemotherapy versus hypomethylating agent therapy. Ann Hematol.
2017;96(11):1801-1809.

90. Fenaux P, Mufti GJ, Hellstrom-Lindberg E, et al. Efficacy of
azacitidine compared with that of conventional care regimens in the
treatment of higher-risk myelodysplastic syndromes: a randomised,
open-label, phase III study. Lancet Oncol. 2009;10(3):223-232.

91. Fenaux P, Mufti GJ, Hellstrom-Lindberg E, et al. Azacitidine prolongs
overall survival compared with conventional care regimens in elderly
patients with low bone marrow blast count acute myeloid leukemia.
J Clin Oncol. 2010;28(4):562-569.

92. Lowenberg B, Ossenkoppele GJ, van Putten W, et al. High-dose dau-
norubicin in older patients with acute myeloid leukemia. N Engl J
Med. 2009;361(13):1235-1248.

93. Burnett AK, Russell NH, Hills RK, et al. Optimization of chemother-
apy for younger patients with acute myeloid leukemia: results of the
medical research council AML15 trial. J Clin Oncol. 2013;31(27):
3360-3368.

94. Bradstock KF, Link E, Di Iulio J, et al. Idarubicin dose escalation dur-
ing consolidation therapy for adult acute myeloid leukemia. J Clin
Oncol. 2017;35(15):1678-1685.

95. Pautas C, Merabet F, Thomas X, et al. Randomized study of intensi-
fied anthracycline doses for induction and recombinant interleukin-2
for maintenance in patients with acute myeloid leukemia age 50 to
70 years: results of the ALFA-9801 study. J Clin Oncol. 2010;28(5):
808-814.

96. Mardis ER, Ding L, Dooling DJ, et al. Recurring mutations found by
sequencing an acute myeloid leukemia genome. N Engl J Med. 2009;
361(11):1058-1066.

97. Metzeler KH, Herold T, Rothenberg-Thurley M, et al. Spectrum and
prognostic relevance of driver gene mutations in acute myeloid leu-
kemia. Blood. 2016;128(5):686-698.

98. Papaemmanuil E, Gerstung M, Malcovati L, et al. Clinical and biologi-
cal implications of driver mutations in myelodysplastic syndromes.
Blood. 2013;122(22):3616-3627. quiz 3699.

99. DiNardo CD, Ravandi F, Agresta S, et al. Characteristics, clinical out-
come, and prognostic significance of IDH mutations in AML.
Am J Hematol. 2015;90(8):732-736.

100. Dang L, White DW, Gross S, et al. Cancer-associated IDH1 muta-
tions produce 2-hydroxyglutarate. Nature. 2009;462(7274):739-744.

101. Gross S, Cairns RA, Minden MD, et al. Cancer-associated metabolite
2-hydroxyglutarate accumulates in acute myelogenous leukemia with
isocitrate dehydrogenase 1 and 2 mutations. J Exp Med. 2010;207(2):
339-344.

102. Ward PS, Patel J, Wise DR, et al. The common feature of leukemia-
associated IDH1 and IDH2 mutations is a neomorphic enzyme activ-
ity converting alpha-ketoglutarate to 2-hydroxyglutarate. Cancer Cell.
2010;17(3):225-234.

103. Chaturvedi A, Araujo Cruz MM, Jyotsana N, et al. Enantiomer-
specific and paracrine leukemogenicity of mutant IDH metabolite
2-hydroxyglutarate. Leukemia. 2016;30(8):1708-1715.

104. 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(6):553-567.

105. Amatangelo MD, Quek L, Shih A, et al. Enasidenib induces acute
myeloid leukemia cell differentiation to promote clinical response.
Blood. 2017;130(6):732-741.

106. Hansen E, Quivoron C, Straley K, et al. AG-120, an Oral, selective,
first-in-class, potent inhibitor of mutant IDH1, reduces intracellular
2HG and induces cellular differentiation in TF-1 R132H cells and pri-
mary human IDH1 mutant AML patient samples treated ex vivo.
Blood. 2014;124(21):3734-3734.

107. Watts JM, Baer MR, Lee S, et al. A phase 1 dose escalation study of
the IDH1m inhibitor, FT-2102, in patients with acute myeloid leuke-
mia (AML) or myelodysplastic syndrome (MDS). J Clin Oncol. 2018;36
(15):7009-7009.

108. Stein EM, DiNardo CD, Pollyea DA, et al. Enasidenib in mutant IDH2
relapsed or refractory acute myeloid leukemia. Blood. 2017;130(6):
722-731.

109. 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(25):2386-2398.

110. Intlekofer AM, Shih AH, Wang B, et al. Acquired resistance to IDH
inhibition through trans or cis dimer-interface mutations. Nature.
2018;559(7712):125-129.

111. Pollyea DA, Tallman MS, Sd B, et al. Enasidenib monotherapy is
effective and well-tolerated in patients with previously untreated
mutant-IDH2 (mIDH2) acute myeloid leukemia (AML). HemaSphere.
2018;2:S1;Abstract no. S1561.

112. Stein EM, Shoben A, Borate U, et al. Enasidenib is highly active in
previously untreated IDH2 mutant AML: early results from the beat
AML master trial. Blood. 2018;132(suppl 1):287-287.

113. Roboz GJ, DiNardo CD, Stein EM, et al. Ivosidenib (AG-120) induced
durable remissions and transfusion Independence in patients with
IDH1-mutant untreated AML: results from a phase 1 dose escalation
and expansion study. Blood. 2018;132(suppl 1):561-561.

114. DiNardo CD, Stein AS, Stein EM, et al. Mutant IDH (mIDH) inhibi-
tors, ivosidenib or enasidenib, with azacitidine (AZA) in patients with
acute myeloid leukemia (AML). HemaSphere. 2018;2:S1;Abstract no.
S1562.

115. Stein EM, DiNardo CD, Fathi AT, et al. Ivosidenib or Enasidenib com-
bined with induction and consolidation chemotherapy in patients
with newly diagnosed AML with an IDH1 or IDH2 mutation is safe,
effective, and leads to MRD-negative complete remissions. Blood.
2018;132(suppl 1):560-560.

116. XOSPATA (gilteritinib) prescribing information, Astellas Pharma Inc.
https://www.accessdata.fda.gov/drugsatfda_
docs/label/2018/211349s000lbl.pdf. Accessed December 2, 2018.

117. 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 leuke-
mia (AML) enrolled in the global, phase 3, randomized controlled
Quantum-R trial. Blood. 2018;132(suppl 1):563-563.

118. Smith CC, Wang Q, Chin CS, et al. Validation of ITD mutations in
FLT3 as a therapeutic target in human acute myeloid leukaemia.
Nature. 2012;485(7397):260-263.

119. Winkler IG, Barbier V, Nowlan B, et al. Vascular niche E-selectin reg-
ulates hematopoietic stem cell dormancy, self renewal and
chemoresistance. Nat Med. 2012;18(11):1651-1657.

120. Chien S, Haq SU, Pawlus M, et al. Adhesion of acute myeloid leuke-
mia blasts to E-Selectin in the vascular niche enhances their survival
by mechanisms such as Wnt activation. Blood. 2013;122(21):61-61.

121. Winkler IG, Barbier V, Ward M, et al. Vascular E-Selectin protects
leukemia cells from chemotherapy by directly activating pro-survival
NF-kb Signalling—therapeutic blockade of E-Selectin dampens NF-
kb activation. Blood. 2016;128(22):2823-2823.

122. Barbier V, Nutt HL, Hasnain SZ, Levesque J-P, Magnani JL,
McGuckin MA. Administration of E-Selectin antagonist GMI-1271
improves survival after high-dose chemotherapy by alleviating
mucositis and accelerating neutrophil recovery. Blood. 2013;122(21):
2266-2266.

123. DeAngelo DJ, Jonas BA, Liesveld JL, et al. GMI-1271 improves effi-
cacy and safety of chemotherapy in R/R and newly diagnosed older
patients with AML: results of a phase 1/2 study. Blood. 2017;130
(suppl 1):894-894.

124. DeAngelo DJ, Jonas BA, Liesveld JL, et al. Uproleselan (GMI-1271),
an E-Selectin antagonist, improves the efficacy and safety of chemo-
therapy in relapsed/refractory (R/R) and newly diagnosed older
patients with acute myeloid leukemia: final, correlative, and subgroup
analyses. Blood. 2018;132(suppl 1):331-331.

125. Uy GL, Rettig MP, Vey N, et al. Phase 1 cohort expansion of
flotetuzumab, a CD123×CD3 Bispecific Dart® protein in patients

TIONG AND WEI 913

https://www.accessdata.fda.gov/drugsatfda_docs/label/2018/211349s000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2018/211349s000lbl.pdf


with relapsed/refractory acute myeloid leukemia (AML). Blood. 2018;
132(suppl 1):764-764.

126. Ravandi F, Stein AS, Kantarjian HM, et al. A phase 1 first-in-human
study of AMG 330, an anti-CD33 Bispecific T-cell engager (BiTE®)
antibody construct, in relapsed/refractory acute myeloid leukemia
(R/R AML). Blood. 2018;132(suppl 1):25-25.

127. Sallman DA, Kerre T, Poire X, et al. Remissions in relapse/refractory
acute myeloid leukemia patients following treatment with NKG2D
CAR-T therapy without a Prior preconditioning chemotherapy. Blood.
2018;132(suppl 1):902-902.

128. Liu F, Cao Y, Pinz K, et al. First-in-human CLL1-CD33 compound
CAR T cell therapy induces complete remission in patients with
refractory acute myeloid leukemia: update on phase 1 clinical trial.
Blood. 2018;132(suppl 1):901-901.

129. Daver N, Garcia-Manero G, Basu S, et al. Efficacy, safety, and bio-
markers of response to Azacitidine and Nivolumab in relapsed/-
refractory acute myeloid leukemia: a nonrandomized, open-label,
phase II study. Cancer Discov. 2019;9(3):370-383.

130. Daver NG, Garcia-Manero G, Basu S, et al. Safety, efficacy, and bio-
markers of response to Azacitidine (AZA) with Nivolumab (Nivo) and
AZA with Nivo and Ipilimumab (Ipi) in relapsed/refractory acute

myeloid leukemia: a non-randomized, phase 2 study. Blood. 2018;
132(suppl 1):906-906.

131. Daver N, Garcia-Manero G, Basu S, et al. Nivolumab (Nivo) with
Azacytidine (AZA) in patients (pts) with relapsed acute myeloid leuke-
mia (AML) or frontline elderly AML. Blood. 2017;130(suppl 1):1345-
1345.

132. Assi R, Kantarjian HM, Daver NG, et al. Results of a phase 2, open-label
study of Idarubicin (I), Cytarabine (a) and Nivolumab (Nivo) in patients
with newly diagnosed acute myeloid leukemia (AML) and high-risk
Myelodysplastic syndrome (MDS). Blood. 2018;132(suppl 1):905-905.

133. Daver N, Boddu P, Garcia-Manero G, et al. Hypomethylating agents in
combination with immune checkpoint inhibitors in acute myeloid leuke-
mia and myelodysplastic syndromes. Leukemia. 2018;32(5):1094-1105.

How to cite this article: Tiong IS, Wei AH. New drugs creat-

ing new challenges in acute myeloid leukemia. Genes Chromo-

somes Cancer. 2019;58:903–914. https://doi.org/10.1002/

gcc.22750

914 TIONG AND WEI

https://doi.org/10.1002/gcc.22750
https://doi.org/10.1002/gcc.22750

	 New drugs creating new challenges in acute myeloid leukemia
	1  INTRODUCTION
	2  NEW FRONTIERS IN FRONTLINE AML THERAPY IN PATIENTS FIT FOR INTENSIVE CHEMOTHERAPY
	2.1  The changing face of FLT3 mutant AML
	2.2  Challenges for developing FLT3 inhibitors in the frontline AML space
	2.3  Newer FLT3 inhibitors

	3  CHALLENGING STANDARD INDUCTION CHEMOTHERAPY IN NON-FLT3 MUTANT AML
	4  CHALLENGES IN VALIDATING POSTREMISSION MAINTENANCE THERAPY IN AML
	4.1  Clinical utility of MRD to guide postremission therapy

	5  CHALLENGING THE NOTION THAT TREATING OLDER PATIENTS WITH AML IS FUTILE
	5.1  The rise of the BH3-mimetics
	5.2  The challenge of TP53 mutant AML
	5.3  Other low-intensity therapeutic approaches in late stage development for older patients with AML
	5.4  Will lower intensity therapies challenge intensive chemotherapy in older patients with AML?

	6  THE CHALLENGE OF RELAPSED AND REFRACTORY (R/R) AML
	6.1  IDH1/2 inhibitors
	6.2  FLT3 inhibitors
	6.3  Microenvironment for example, E-selectin
	6.4  Immunologic approaches

	7  CHALLENGES IN CLINICAL TRIAL DEVELOPMENT IN THE CURRENT CLINICAL LANDSCAPE
	  CONFLICT OF INTEREST
	  REFERENCES


