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Abstract

We evaluated standard-of-care (SOC) treatment with or without midostaurin to prevent relapse following allogeneic

hematopoietic stem cell transplant (alloHSCT) in patients with acute myeloid leukemia (AML) harboring internal tandem

duplication (ITD) in FLT3. Adults (aged 18–70 years) who received alloHSCT in first complete remission, had achieved

hematologic recovery, and were transfusion independent were randomized to receive SOC with or without midostaurin

(50 mg twice daily) continuously in twelve 4-week cycles. The primary endpoint was relapse-free survival (RFS) 18 months

post-alloHSCT. Sixty patients were randomized (30/arm); 30 completed all 12 cycles (midostaurin+ SOC, n= 16; SOC,

n= 14). The estimated 18-month RFS (95% CI) was 89% (69–96%) in the midostaurin arm and 76% (54–88%) in the SOC

arm (hazard ratio, 0.46 [95% CI, 0.12–1.86]; P= 0.27); estimated relapse rates were 11% and 24%, respectively. Inhibition

of FLT3 phosphorylation to <70% of baseline (achieved by 50% of midostaurin-treated patients) was associated with

improved RFS. The most common serious adverse events were diarrhea, nausea, and vomiting. Rates of graft-vs-host disease

were similar between both arms (midostaurin+ SOC, 70%; SOC, 73%). The addition of midostaurin maintenance therapy

following alloHSCT may provide clinical benefit in some patients with FLT3-ITD AML. (ClinicalTrials.gov identifier:

NCT01883362).

Introduction

Acute myeloid leukemia (AML), the most common acute

leukemia, is difficult to treat and has a poor prognosis, with

a 5-year survival of ~25% [1, 2]. Multiple factors, including

age, performance status (e.g., Eastern Cooperative Oncol-

ogy Group), and cytogenetic and molecular features, affect

treatment decisions and outcomes [3, 4]. Mutations in fms-

like tyrosine kinase 3 (FLT3) are among the most common

in AML and confer a poor prognosis with poor overall

survival (OS) [5–7]. Consequently, these patients, particu-

larly those with internal tandem duplications (ITDs),
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historically have more frequent and earlier relapses than

patients without FLT3 mutations [7, 8].

Midostaurin, a multikinase inhibitor that targets FLT3 and

other kinases, was approved for the treatment of adult patients

with newly diagnosed, FLT3-mutated AML when combined

with intensive induction and consolidation chemotherapy [9].

Approval was based on the phase 3 RATIFY/CALGB 10603

trial, which demonstrated improved survival with the addition

of midostaurin to intensive chemotherapy followed by single-

agent maintenance therapy in patients aged <60 years with

newly diagnosed, FLT3-mutated AML. The RATIFY trial did

not allow patients receiving alloHSCT to continue mid-

ostaurin [10].

AlloHSCT in first complete remission (CR1) provides

patients with FLT3-ITD-positive AML the highest likelihood

of sustained remission [11, 12], but relapse rates remain high

[13–15]. The prognosis for patients with FLT3-ITD muta-

tions has been poor following standard alloHSCT, primarily

because these patients have a higher risk of relapse than

patients with FLT3-ITD-negative AML [14–16].

Post-HSCT maintenance therapy with tyrosine kinase

inhibitors (TKIs) may improve outcomes in patients with

FLT3-mutated AML. In a phase 2 trial (AMLSG 16-10),

midostaurin combined with intensive chemotherapy followed

by alloHSCT and single-agent maintenance therapy demon-

strated improved rates of event-free survival in patients

receiving midostaurin compared with historical controls [17].

In AMLSG 16-10, midostaurin was administered as in

RATIFY; however, patients who underwent alloHSCT could

resume midostaurin as maintenance therapy post-transplant

[10, 17]. Data from phase 1 and 2 trials suggest there may be a

benefit with sorafenib, another TKI, as maintenance therapy

post-HSCT [18–20]. Results from the phase 2 SORMAIN

trial, which evaluated post-alloHSCT maintenance with sor-

afenib, suggested a benefit with sorafenib versus placebo with

a median 2-year relapse-free survival (RFS) rate of 85% (95%

CI, 70–93%) vs 53% (95% CI, 37–68%), respectively, (hazard

ratio [HR], 0.39 [95% CI, 0.183—0.848]; P= 0.013) [20].

Similarly, quizartinib, a FLT3 TKI, was safely administered

after alloHSCT in a phase 1 study [21]. Detailed trials evalu-

ating FLT3 TKIs as maintenance therapy are ongoing [22–25].

Here, we report the results of the RADIUS trial investi-

gating whether the addition of midostaurin to standard-of-

care (SOC) treatment post-alloHSCT improves RFS over

SOC alone in patients with FLT3-ITD-positive AML.

Patients and methods

Study design

RADIUS (NCT01883362) was a phase 2, randomized,

open-label trial of SOC with or without midostaurin in

patients (aged 18–70 years) with documented FLT3-ITD-

positive AML who had undergone a protocol-specified

conditioning regimen before alloHSCT in CR1 (following

hematologic recovery, transfusion independence, and con-

trolled graft-vs-host disease [GVHD]). Patients were

enrolled after engraftment and randomized 1:1 within 28 to

60 days after alloHSCT to receive SOC ±midostaurin (50

mg twice daily in twelve 4-week cycles). SOC was dictated

by the treating physician but excluded alternate TKI ther-

apy. Currently, SOC therapy varies per treating institution

in the post-alloHSCT setting. SOC therapy includes anti-

infective prophylaxis and treatment as well as GVHD pro-

phylaxis and treatment along with supportive care. Anti-

infective and GVHD prophylaxis treatments were based on

institutional guidelines.

Patients were assessed for relapse and survival through

24 months post-alloHSCT and/or until the end of the study.

Patient visits occurred monthly for 1 year during treatment

and every other month during the 24-month follow-up.

Adverse events (AEs) were tracked for 30 days after treat-

ment ended and assessed per the Common Terminology

Criteria for Adverse Events version 4.0 [26].

The study was performed in accordance with the Interna-

tional Council for Harmonisation Good Clinical Practice

guidelines and the principles of the Declaration of Helsinki and

was approved by institutional review boards at participating

institutions. All patients provided written informed consent.

Endpoints

The primary endpoint was RFS (time from transplant to

relapse or death due to disease) 18 months after alloHSCT.

Key secondary endpoints were safety, OS (time from

transplant to the date of death from any cause), and RFS

24 months after alloHSCT.

Pharmacokinetics and in vivo FLT3 inhibition by FLT3

plasma inhibitory activity (PIA) assay were assessed as

preplanned exploratory endpoints (see Supplementary

methods). FLT3 inhibition and FLT3 ligand levels were

evaluated on the basis of phosphorylated FLT3 (P-FLT3)

and FLT3 ligand levels in the plasma [27].

The incidence and severity of GVHD were also explora-

tory study objectives. The percentage of patients developing

acute or chronic GVHD (categorized according to the

National Institutes of Health Consensus Development Project

Working Group criteria [28]) and grade of GVHD were

collected throughout the study by local assessment. GVHD by

category and organ class was assessed at each study visit.

Statistical analysis

RADIUS was an exploratory, signal-finding study not

powered to detect a statistical difference between treatment
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arms. A sample size of 60 was calculated to detect a 50%

reduction in the risk of relapse with 71% power, assuming a

15% incidence of relapse in the midostaurin arm.

For time-to-event analyses, Kaplan–Meier curves were

used to estimate survival distributions. A Cox proportional

hazards model was used to estimate the HR and associated

95% CIs.

Results

Patients

Between February 5, 2014, and June 13, 2016, 74 patients

were screened and 60 patients (30 per arm) were randomized

at 18 sites in the United States and 1 site in Canada (Fig. 1

and Table S1). All patients were in CR1 prior to transplant;

18 patients (30%) received transplant directly following

induction, 39 (65%) of patients had received consolidation

without additional maintenance, and 3 (5%) of patients had

received pretransplant maintenance. All patients had com-

pleted a protocol-specified conditioning regimen before

alloHSCT (Table S2). Overall, 30 patients completed the

per-protocol 12 cycles of therapy (midostaurin+ SOC: 16

patients [53%]; SOC: 14 patients [47%]). The number of

patients discontinuing early from the study was comparable

between arms (midostaurin+ SOC, n= 13; SOC, n= 15);

however, the reasons for treatment discontinuation differed

by arm, with AEs being the most common reason in the

midostaurin arm (27% vs 3%) and consent withdrawal being

the most common reason in the SOC arm (7% vs 20%).

Patients who withdrew from treatment were to return for

relapse and follow-up assessments and were not considered

withdrawn from the study. Patients who withdrew consent

were censored at the time of withdrawal. Patient demo-

graphics, baseline characteristics, and transplant character-

istics are shown in Table 1. Most patients (midostaurin+

SOC, 100%; SOC, 90%) had de novo AML. The 2 arms

were balanced with regard to age, sex, and race.

Efficacy

The estimated RFS at 18 months (95% CI) was 89%

(69–96%) with midostaurin and 76% (54–88%) with SOC

alone (HR, 0.46 [95% CI, 0.12–1.86]; P= 0.27) (Fig. 2A).

There were 3 RFS events in the midostaurin arm and 6 RFS

events in the SOC arm at 18 months. The predicted relative

reduction in the risk of relapse with the addition of mid-

ostaurin was 54% at 18 months post-alloHSCT.

At 24 months, addition of midostaurin to SOC continued to

demonstrate reduced risk of relapse and prolonged survival

compared with SOC alone (Figs. 2B and S1). At the time of

final analysis (i.e., when all patients who remained on the

study had reached 24 months post-alloHSCT), the median

RFS and OS were not reached in either treatment arm. There

were 4 relapses (13%) in the midostaurin arm vs 5 relapses

(17%) in the SOC arm; median time to relapse from transplant

was similar across both arms (median [range]; midostaurin+

SOC, 323.5 days [69–1028 days]; SOC alone, 323 days

[94–456 days]). The estimated 24-month RFS (95% CI) was

85% (64–94%) with midostaurin and 76% (54–88%) with

SOC alone (HR, 0.60 [95% CI, 0.17–2.14]; P= 0.4297), and

the relative reduction in the risk of relapse with the addition of

midostaurin remained high at 40%.

Survival outcomes also improved; the estimated 24-

month OS (95% CI) was 85% (65%-94%) with midostaurin

Reasons for screen failure
a
 (n=14):

Reasons for study discontinuation

(n=13):

Consent withdrawal (n=2)

74 patients screened

60 patients randomized

Not treated

(n=1)
Not treated

(n=1)

Intercurrent medical event (n=1)
Unacceptable medical history/concomitant

diagnosis (n=3)
Unacceptable laboratory value(s) (n=2)
Unacceptable test procedure result(s) (n=6)
Did not meet diagnostic/severity criteria (n=1)
Other (n=4)

AE (n=8)

Relapse (n=2)

Administrative problems (n=1)
b

Reasons for study discontinuation

(n=15):

Consent withdrawal (n=6)

AE (n=1)

Relapse (n=4)

Administrative problems (n=4)
c

Midostaurin + SOC (n=30) SOC (n=30)

Completed 12 cycles of treatment

 (n=16)

Completed 12 cycles of treatment

 (n=14)

Completed study

(24 mo post-alloHSCT)

 (n=16)

Completed study

(24 mo post-alloHSCT)

 (n=14)

Fig. 1 CONSORT diagram. AE adverse event, alloHSCT allogeneic hematopoietic stem cell transplant, SOC, standard of care. aA single patient

might have had >1 reason for screen failure. bEarly termination due to work schedule conflicts. cPatients lost to follow-up (n= 2), early termination

due to hospitalization at outside facility (n= 1), and early termination due to large travel distance (n= 1).
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and 76% (54%-89%) with SOC alone (HR, 0.58 [95% CI,

0.19–1.79]; P= 0.34), which is a 42% reduction in the risk

of death with the addition of midostaurin (albeit not sta-

tistically significant). Eight patients died in the SOC arm vs

5 patients in the midostaurin arm; relapse accounted for a

similar fraction of deaths in each arm. Details of post-

relapse treatment were not captured. A total of 7 patients

died due to reasons other than relapse: 5 in the SOC arm

and 2 in the midostaurin arm; these patients were censored

at the date of death. Non-relapse mortality was due to study

indication (n= 2) and 1 instance each of cardiac arrest,

GVHD, hepatic failure, cardiopulmonary arrest, and ence-

phalitis infection.

Pharmacokinetics and PIA assay

The pharmacokinetics of midostaurin and its main meta-

bolites (CGP62221 and CGP52421) were evaluated in 29

patients. The mean plasma concentration of midostaurin

reached a maximum duringcycle 1 day 15, where as

CGP52421 and CGP62221 peaked at cycle 3 day 1; all

reached steady-state levels at cycle 4 (Fig. S2).

Among patients who received midostaurin, 28 were

evaluable using the PIA assay. The degree of P-FLT3

inhibition was greatest during the first 2 cycles of therapy

(Fig. 3A, B). In an exploratory biomarker analysis that

assessed the correlation between plasma levels of

Table 1 Baseline patient and transplant characteristics.

Full analysis set Midostaurin+ SOC

(n= 30)

SOC

(n= 30)

Median age (range), yearsa 48 (20–61) 56 (20–68)

Sex, n (%)b

Male 16 (53) 18 (60)

Female 14 (47) 12 (40)

Race, n (%)c

White 27 (90) 27 (90)

Other 3 (10) 3 (10)

AML status at initial diagnosis, n (%)

De novo 27 (90) 30 (100)

Secondary to AHD 1 (3) 0

Therapy related 2 (7) 0

Median peripheral WBC count (range), × 109/L 48 (<1–278) 55 (<1–344)

Presence of FLT3-TKD mutation

Yes 3 (10) 2 (7)

No 17 (57) 20 (67)

Unknown 10 (33) 8 (27)

Purpose of pre-HSCT treatment, n (%)

Induction 30 (100) 30 (100)

Consolidation 22 (73) 20 (67)

Maintenance 2 (7) 1 (3)

Median time to randomization (range), days 54 (34–61) 54 (30–64)

Donor type, n (%)

Syngeneic 0 1 (3)

Allogeneic, matched relatedd 10 (33) 14 (47)

Allogeneic, matched unrelatedd 20 (67) 15 (50)

Stem cell source, n (%)

Peripheral blood 29 (97) 28 (93)

Bone marrow 1 (3) 2 (7)

AHD antecedent hematologic disorder, AML acute myeloid leukemia, FLT3 fms-like tyrosine kinase 3, HLA human leukocyte antigen, HSCT

hematopoietic stem cell transplant, SOC standard of care, TKD tyrosine kinase domain, WBC white blood cell.
a
P= 0.14; 2-sample t-test.
b
P= 0.60; Fisher exact test.
c
P= 0.72; Fisher exact test.
dMatched donors had HLA typing to include an 8/8 or 7/8 allele match rate at HLA-A, -B, -C, and -DRB1. A single mismatch was allowed.
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midostaurin and its primary metabolites with the degree of

FLT3 inhibition (i.e., lower levels of P-FLT3), early inhi-

bition of FLT3 correlated inversely with drug levels

(Fig. 3B). Peak FLT3 inhibition occurred at cycle 3 day 1;

this time point was chosen for the correlative analysis.

In patients receiving midostaurin (n= 28), the median P-

FLT3 level at cycle 3 day 1 was 70% of baseline P-FLT3

levels. Thus, 14 of these patients had more effective inhi-

bition of FLT3 activity (i.e., P-FLT3 levels <70% of

baseline) on cycle 3 day 1 with P-FLT3 levels ranging from

20% to 69%. Of these 14 patients, 10 completed all 12

cycles of midostaurin therapy (Fig. S3). Among the

remaining 14 patients who had less effective inhibition of

FLT3 activity (i.e., P-FLT3 levels >70% of baseline), P-

FLT3 was not measured at cycle 3 day 1 in 8 patients (6

were not receiving midostaurin on cycle 3 day 1). Six of 14

patients completed 12 cycles of midostaurin therapy and

had P-FLT3 levels ranging from 74% to 100%. These

higher P-FLT3 levels indicate less effective FLT3 inhibi-

tion, possibly resulting from the biological response of the

patient to midostaurin or likely related to patient adherence

to midostaurin, indicating the importance of proactive AE

management to support patients throughout treatment.

Stratifying patients who received midostaurin by levels

of FLT3 inhibition above or below the median revealed an

association with clinical outcomes. Higher levels of FLT3

inhibition correlated with prolonged RFS, a reduced risk of

relapse (P= 0.06), and significantly improved survival (P

= 0.048) (Fig. 3C, D). Patients with less FLT3 inhibition

had a similar risk of relapse and survival rate to those

observed in patients receiving SOC alone (P= 0.9 and P=

0.92, respectively).
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Safety

With midostaurin+ SOC and SOC alone, AEs occurred in

100% and 87% of patients, respectively (Table 2). Most

AEs in both arms were grade 1/2. The most common AEs

were low-grade gastrointestinal AEs (grades 1–3, mid-

ostaurin arm vs SOC arm): vomiting (73% vs 23%), nausea

(67% vs 27%), and diarrhea (49% vs 23%). Gastrointestinal
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AEs were more common in the midostaurin arm than in the

SOC arm. The most common grade 3/4 laboratory

abnormalities, increased alanine aminotransferase,

increased aspartate aminotransferase, and decreased neu-

trophils, occurred in both arms. Serious AEs (Table 3)

occurred in 57% of patients with midostaurin and 30% of

patients with SOC alone. The most common serious AEs

(midostaurin arm vs SOC arm) were diarrhea (13% vs 7%),

nausea and vomiting (both, 3% vs 10%), and pyrexia (7%

vs 7%).

Median midostaurin exposure was 10.5 months (range,

0.2–11.5 months; defined by time of last midostaurin dose);

16 patients completed all 12 cycles of treatment. The

median dose intensity was 93 mg/day (range, 25–100 mg/

day). Dose adjustments were required per protocol in 19

patients (63%), most commonly due to AEs (84%). AEs

leading to dose adjustment in ≥10% of patients included

vomiting (27%), nausea (20%), and aspartate amino-

transferase levels increased (10%). One patient was reported

to have received a modified dose of midostaurin due to

concomitant posaconazole, a cytochrome P450 3A4 inhi-

bitor, per protocol.

AEs resulted in discontinuation from the study in 9

patients: 8 (27%) in the midostaurin arm and 1 (3%) in the

SOC arm. The 8 patients in the midostaurin arm who dis-

continued treatment had 9 events: nausea (n= 3), vomiting

(n= 2), liver function test levels increased (n= 2), pul-

monary mycosis (n= 1), and pneumonitis (n= 1). The

patient in the SOC arm discontinued from the study due to

hypoxia. Twelve patients died on study during the follow-

up phase (midostaurin+ SOC, n= 4; SOC, n= 8). Death

due to AML disease progression occurred in 2 patients

receiving midostaurin and 4 receiving SOC alone. The

addition of midostaurin to SOC did not result in an increase

in the severity or rate of acute or chronic GVHD (Table 4).

Rates of GVHD, as determined by local assessment, were

similar between the midostaurin and SOC arms (overall,

70% vs 73%; acute, 53% vs 50%; and chronic, 37% vs

33%, respectively). Ninety-seven percent of patients

received concomitant medication for the management of

GVHD, including 28 (93%) in the midostaurin arm and 30

(100%) in the SOC arm. The most common concomitant

medications typical of GVHD management were

Fig. 3 Correlation between exploratory biomarker analyses and

clinical outcomes. A Median FLT3 ligand levels and B median P-

FLT3 levels relative to baseline and concurrent combined levels of

midostaurin and its metabolites in patients who received midostaurin

+ SOC. Median P-FLT3 levels were 70% of baseline at C3D1. C RFS

and D OS at 24 months after alloHSCT in patients who received

midostaurin+ SOC stratified by P-FLT3 level (<70% vs >70%). C

cycle; D day; FLT3, fms-like tyrosine kinase 3; M midostaurin, P-

FLT3 phosphorylated FLT3, OS overall survival, RFS relapse-free

survival, SOC standard of care. aFor this analysis, RFS was defined as

time from transplant to relapse or death from any cause. bLog-rank P

value vs SOC (n= 28). cPatients who reached C3D1 and received

midostaurin+ SOC (n= 28) were stratified according to FLT3 inhi-

bition levels above or below the median (median P-FLT3, 70%). FLT3

inhibition was higher in patients with P-FLT3 levels <70% of baseline.
dP-FLT3 > 70% includes patients with missing P-FLT3 at C3D1.

Table 2 Most common AEs (occurring in ≥15% of patients).

AE, n (%) Midostaurin+ SOC

(n= 30)

SOC

(n= 30)

Any grade Grade ≥ 3 Any grade Grade ≥ 3

Vomiting 7 (23) 1 (3) 22 (73) 2 (7)

Nausea 8 (27) 3 (10) 20 (67) 1 (3)

Diarrhea 7 (23) 1 (3) 12 (40) 3 (10)

Fatigue 9 (30) 0 8 (27) 1 (3)

Peripheral edema 9 (30) 0 8 (27) 0

Headache 7 (23) 0 8 (27) 0

Cough 6 (20) 0 8 (27) 0

ALT increased 7 (23) 4 (13) 6 (20) 3 (10)

Anemia 6 (20) 2 (7) 7 (23) 3 (10)

AST increased 8 (27) 4 (13) 5 (17) 2 (7)

Pruritus 6 (20) 0 7 (23) 3 (10)

Dry eye 6 (20) 0 5 (17) 0

Pyrexia 5 (17) 1 (3) 4 (20) 0

Rash 6 (20) 0 6 (17) 0

Tremor 4 (13) 0 7 (23) 0

Dyspnea 7 (23) 1 (3) 3 (10) 0

Insomnia 6 (20) 0 4 (13) 0

Neutrophil count

decreased

3 (10) 2 (7) 7 (23) 4 (13)

Arthralgia 6 (20) 1 (3) 3 (10) 0

Dizziness 6 (20) 0 3 (10) 0

Hypertension 6 (20) 4 (13) 3 (10) 0

Upper respiratory

tract infection

6 (20) 0 3 (10) 0

AE adverse event, ALT alanine aminotransferase, AST aspartate

aminotransferase, SOC standard of care.

Table 3 Serious AEs occurring in ≥1 of patients overall.

AE, n (%) Midostaurin+ SOC

(n= 30)

SOC

(n= 30)

Diarrhea 4 (13) 2 (7)

Nausea 1 (3) 3 (10)

Vomiting 1 (3) 3 (10)

Pyrexia 2 (7) 2 (7)

Deep vein thrombosis 1 (3) 2 (7)

Febrile neutropenia 1 (3) 2 (7)

Anemia 2 (7) 1 (3)

Acute kidney injury 0 2 (7)

Abdominal pain 1 (3) 1 (3)

Parainfluenza virus infection 1 (3) 1 (3)

AE adverse event, SOC standard of care.
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calcineurin inhibitors (85%), glucocorticoids (57%), mod-

erately potent corticosteroids (18%), and selective immu-

nosuppressants (17%) (Table S3).

The most common organ toxicity due to GVHD was

localized to the skin and affected 50% of patients in the

midostaurin arm and 47% of patients in the SOC arm

(Fig. S4). All patients with skin involvement in the mid-

ostaurin arm had stage 1 or 2 disease, whereas 2 patients in

the SOC arm experienced stage 3 disease. Neither arm

reported stage 4 organ involvement. Upper gastrointestinal

toxicity was similar in both groups and did not exceed stage

1. Lower gastrointestinal toxicity was reported only in

patients in the SOC arm and was primarily stage 1.

Discussion

This is the first randomized study of midostaurin as main-

tenance therapy after alloHSCT. We show that for patients

with FLT3-ITD-positive AML in CR1, a defined course of

up to 12 months of maintenance therapy with midostaurin

was safely added to SOC after recovery from alloHSCT and

improved RFS at 18 months after alloHSCT by 13% (over

SOC alone). Although the study was not powered to detect

a treatment difference, there was a trend toward benefit with

midostaurin for all efficacy endpoints evaluated.

The survival outcomes in all participants in this study were

better than anticipated for this high-risk leukemia population.

Historically, the expected 2-year OS with SOC was closer to

60% compared with 76% observed in this study [15]. The

stringent enrollment criteria, including recovery of counts

(i.e., absolute neutrophil count >1000/μL and platelet count

≥20,000/μL without platelet transfusion) by day 42, ability to

start treatment by day 60 post- alloHSCT, and no active,

advanced, acute GVHD, may have contributed to the survival

outcomes observed for all participants in this study. More-

over, the median time from the date of alloHSCT to initiation

of study drug for both arms was 54 days; patients who had

morphological relapse before that date were ineligible. Con-

sistently, factors related to these inclusion/exclusion criteria,

such as unacceptable test procedure results (8%) and unac-

ceptable medical history/concomitant diagnosis (4%), were

common reasons for screen failure, though the overall rate of

screen failures (14 of 74 patients screened [19%]) was rela-

tively low. Censoring of patients at the date of death due to

non-relapse mortality may also have contributed to survival

rates, particularly given the small patient population in this

study. Similarly, patients were not stratified by European

LeukemiaNet or National Comprehensive Cancer Network

molecular risk classification due to the size of the study; thus,

enrollment of patients with favorable molecular risk factors

may also have affected the survival rates observed.

Correlative analysis suggests that patients who tolerated

midostaurin and remained on therapy, as demonstrated by

relatively higher levels of P-FLT3 inhibition, may have sus-

tained benefit and long-term outcomes. The PIA assay allows

for an indirect measurement of the phosphorylation of FLT3.

P-FLT3 inhibition to <70% of baseline was achieved by 50%

of patients receiving midostaurin and was associated with

improved RFS and OS, indicating that inhibiting FLT3, even

modestly, can have clinical benefit. Treatment adherence was

not uniform in all patients receiving midostaurin, possibly due

to tolerability (e.g., gastrointestinal toxicity). Prophylactic

support, including antiemetics, in the management of gas-

trointestinal toxicities was crucial in keeping patients on

therapy to provide the clinical benefit suggested by these data.

Thus, increases in gastrointestinal toxicities were primarily

low grade and manageable, consistent with other reports with

single-agent midostaurin [29, 30]. Addition of midostaurin to

SOC did not increase rates or severity of GVHD. Although

the PIA assay is not used in clinical practice, FLT3 inhibition

measured by this assay has tightly correlated with clinical

activity across a broad array of FLT3 inhibitors [27, 31–34].

The results from the exploratory analysis in this study suggest

that midostaurin therapy after alloHSCT may provide high

levels of FLT3 inhibition in the long term in patients who

remain on treatment, though further validation is required.

These data are consistent with the safety profile of

midostaurin in patients with FLT3-ITD AML. In line with

the AMLSG 16-10 study [17], the median time of mid-

ostaurin exposure during maintenance was similar

(9 months in AMLSG 16-10 and 10 months in RADIUS);

discontinuation due to toxicity was more common in

AMLSG 16-10 (55%) than in RADIUS (27%), which may

be explained by the stringent inclusion criteria of RADIUS.

However, both studies demonstrated the safety and feasi-

bility of midostaurin maintenance therapy.

Post-alloHSCT maintenance therapy with FLT3 TKIs,

including midostaurin, is a viable treatment for reducing the

risk of relapse in patients with FLT3-ITD AML. We

Table 4 Incidence of GVHD.

GVHD, n (%)a Midostaurin+ SOC

(n= 30)

SOC

(n= 30)

Acute 15 (50) 16 (53)

Grade I 7 (23) 4 (13)

Grade II 8 (27) 10 (33)

Grade III 0 2 (7)

Grade IV 0 0

Chronic 9 (30) 10 (33)

Mild 2 (7) 5 (17)

Moderate 5 (17) 4 (13)

Severe 2 (7) 1 (3)

GVHD graft-vs-host disease, SOC standard of care.
aPatients could be counted in multiple categories.
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anticipate that this study will provide a landmark for future

studies, as the population had no pretransplant TKI expo-

sure. These results complement those of the AMLSG 16-10

trial, which demonstrated improved event-free survival

for patients with FLT3-ITD AML who received pre-

transplant midostaurin and began midostaurin within

100 days post-transplant compared with patients who only

received pretransplant midostaurin [17]. Evidence from the

present study and AMLSG 16-10 suggest that midostaurin

maintenance therapy may be most appropriate for patients

aged 18–70 years with FLT3-ITD AML who have under-

gone alloHSCT in CR1 and can begin midostaurin therapy

quickly (within 100 days, ideally <60 days).

With the approval of midostaurin as up-front therapy for

FLT3-ITD AML, new trials are emerging to better clarify

the role of post-transplant TKI therapy in patients with

deeper molecular remission, such as the large, phase 3,

multinational, randomized trial assessing gilteritinib vs

placebo as post-transplant adjuvant therapy for patients with

FLT3-ITD AML in CR1 (BMT-CTN 1506;

NCT02997202). As available treatment options increase,

more detailed scrutiny of the risk-benefit profiles of these

targeted agents is likely to be required.

With a post-transplant 2-year OS of ~80%, this study

highlights the impact of recent advances in the management

of FLT3-ITD AML on survival outcomes. Because FLT3-

mutated AML has a higher risk of relapse than FLT3-

mutation-negative AML, the addition of midostaurin

maintenance therapy post-HSCT may be a viable option to

reduce the risk of relapse in some patients after alloHSCT.

These results provide evidence of clinical benefit and an

estimate of treatment effect that could inform larger-scale

studies in the future.

Acknowledgements The authors would like to thank the patients and

the investigators who participated in the RADIUS study. Medical

editorial assistance was provided by JoAnna Anderson, Ph.D., and

Amy Ghiretti, Ph.D., of ArticulateScience LLC, and was supported by

Novartis Pharmaceuticals Corporation. This study was funded by

Novartis Pharmaceuticals Corporation.

Compliance with ethical standards

Conflict of interest RTM discloses honoraria from Novartis, Incyte,

Juno Therapeutics, and Kite Therapeutics; Board of Directors mem-

bership at Novartis Pharmaceuticals Corporation; consultancies with

Incyte and Juno Therapeutics; and patents and royalties from Athersys,

Inc; as an OHSU employee who provided and received payment for

consultancy services to Novartis Pharmaceuticals Corporation, this

potential conflict of interest has been reviewed and managed by

OHSU. ML discloses consultancy with Novartis Pharmaceuticals

Corporation, Astellas, and Daiichi Sankyo; research funding from

Novartis Pharmaceuticals Corporation, Astellas, and Fujifilm; and

honoraria from Novartis Pharmaceuticals Corporation. MMP discloses

advisory board membership with Stemline. BLS discloses consultancy

with Acceleron, Incyte, Agios, Celgene, and Alexion and research

funding from Novartis Pharmaceuticals Corporation and Celgene.

SRM has nothing to disclose. AD discloses consultancies with Kite

Therapeutics and Novartis Pharmaceuticals Corporation. SDR has

nothing to disclose. DDHK discloses consultancies with Novartis

Pharmaceuticals Corporation, Bristol-Meyers Squibb, Paladin, and

Pfizer and honoraria and research funding from Novartis Pharmaceu-

ticals Corporation and Bristol-Meyers Squibb. DH and TR have

nothing to disclose. KH discloses former employment with Novartis

Pharmaceuticals Corporation and current employment with Regeneron

Pharmaceuticals, Inc. GB and DP disclose employment with Novartis

Pharmaceuticals Corporation. PR discloses former employment with

Novartis Pharmaceuticals Corporation and current employment with

Target CW. HFF discloses honoraria from Pfizer and Sanofi and

speakers’ bureau membership with Sanofi.

Publisher’s note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as

long as you give appropriate credit to the original author(s) and the

source, provide a link to the Creative Commons license, and indicate if

changes were made. The images or other third party material in this

article are included in the article’s Creative Commons license, unless

indicated otherwise in a credit line to the material. If material is not

included in the article’s Creative Commons license and your intended

use is not permitted by statutory regulation or exceeds the permitted

use, you will need to obtain permission directly from the copyright

holder. To view a copy of this license, visit http://creativecommons.

org/licenses/by/4.0/.

References

1. Surveillance, Epidemiology, and End Results Program. Cancer

Stat Facts: leukemia—acute myeloid leukemia (AML). http://seer.

cancer.gov/statfacts/html/amyl.html. Accessed 3 Apr 2020.

2. Surveillance, Epidemiology, and End Results Program. Cancer

Stat Facts: leukemia. https://seer.cancer.gov/statfacts/html/leuks.

html. Accessed 3 Apr 2020.

3. Döhner H, Estey E, Grimwade D, Amadori S, Appelbaum FR,

Buchner T. et al. Diagnosis and management of AML in adults: 2017

ELN recommendations from an international expert panel. Blood.

2017;129:424. https://doi.org/10.1182/blood-2016-08-733196.

4. National Comprehensive Cancer Network. NCCN Clinical Practice

Guidelines in Oncology. Acute Myeloid Leukemia. V3.2020. Fort

Washington, PA: National Comprehensive Cancer Network; 2020.

5. Papaemmanuil E, Gerstung M, Bullinger L, Gaidzik VI, Paschka

P, Roberts ND, et al. Genomic classification and prognosis in

acute myeloid leukemia. N Engl J Med. 2016;374:2209. https://

doi.org/10.1056/NEJMoa1516192[doi].

6. Gregory TK, Wald D, Chen Y, Vermaat JM, Xiong Y, Tse W.

Molecular prognostic markers for adult acute myeloid leukemia

with normal cytogenetics. J Hematol Oncol. 2009;2:23. https://

doi.org/10.1186/1756-8722-2-23.

7. Kottaridis PD, Gale RE, Frew ME, Harrison G, Langabeer SE,

Belton AA, et al. The presence of a FLT3 internal tandem

duplication in patients with acute myeloid leukemia (AML) adds

important prognostic information to cytogenetic risk group and

response to the first cycle of chemotherapy: analysis of 854

patients from the United Kingdom Medical Research Council

AML 10 and 12 trials. Blood. 2001;98:1752.

8. Pratcorona M, Brunet S, Nomdedeu J, Ribera JM, Tormo M, Duarte

R, et al. Favorable outcome of patients with acute myeloid leukemia

harboring a low-allelic burden FLT3-ITD mutation and concomitant

1188 R. T. Maziarz et al.

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://seer.cancer.gov/statfacts/html/amyl.html
http://seer.cancer.gov/statfacts/html/amyl.html
https://seer.cancer.gov/statfacts/html/leuks.html
https://seer.cancer.gov/statfacts/html/leuks.html
https://doi.org/10.1182/blood-2016-08-733196
https://doi.org/10.1056/NEJMoa1516192[doi]
https://doi.org/10.1056/NEJMoa1516192[doi]
https://doi.org/10.1186/1756-8722-2-23
https://doi.org/10.1186/1756-8722-2-23


NPM1 mutation: relevance to post-remission therapy. Blood.

2013;121:2734. https://doi.org/10.1182/blood-2012-06-431122.

9. Rydapt (midostaurin) [package insert], East Hanover, NJ: Novartis

Pharmaceuticals Corporation, 2020.

10. Stone RM, Mandrekar SJ, Sanford BL, Laumann K, Geyer S,

Bloomfield CD, et al. Midostaurin plus chemotherapy for acute

myeloid leukemia with a FLT3 mutation. N Engl J Med.

2017;377:454–64. https://doi.org/10.1056/NEJMoa1614359.

11. Jindra P, Raida L, Karas M, Szotkowski T, Lysák D, Hrabětová

M, et al. Allogeneic stem cell transplantation in patients with

FLT3-ITD mutated AML: transplantation in CR1 Is the decisive

factor for good outcome. Clin Lymphoma, Myeloma Leuk.

2019;19:462–9. https://doi.org/10.1016/j.clml.2019.04.005.

12. Schlenk RF, Döhner K, Krauter J, Fröhling S, Corbacioglu A,

Bullinger L, et al. Mutations and treatment outcome in cytogen-

etically normal acute myeloid leukemia. N Engl J Med.

2008;358:1909–18. https://doi.org/10.1056/NEJMoa074306.

13. Gale RE, Hills R, Kottaridis PD, Srirangan S, Wheatley K, Burnett

AK, et al. No evidence that FLT3 status should be considered as an

indicator for transplantation in acute myeloid leukemia (AML): an

analysis of 1135 patients, excluding acute promyelocytic leukemia,

from the UK MRC AML10 and 12 trials. Blood. 2005;106:3658.

https://doi.org/10.1182/blood-2005-03-1323.

14. Brunet S, Labopin M, Esteve J, Cornelissen J, Socie G, Iori AP,

et al. Impact of FLT3 internal tandem duplication on the outcome of

related and unrelated hematopoietic transplantation for adult acute

myeloid leukemia in first remission: a retrospective analysis. J Clin

Oncol. 2012;30:735–41. https://doi.org/10.1200/JCO.2011.36.9868.

15. Deol A, Sengsayadeth S, Ahn KW, Wang HL, Aljurf M, Antin JH,

et al. Does FLT3 mutation impact survival after hematopoietic stem

cell transplantation for acute myeloid leukemia? A Center for Inter-

national Blood and Marrow Transplant Research (CIBMTR) analy-

sis. Cancer. 2016;122:3005. https://doi.org/10.1002/cncr.30140[doi].

16. Song Y, Magenau J, Li Y, Braun T, Chang L, Bixby D, et al.

FLT3 mutational status is an independent risk factor for adverse

outcomes after allogeneic transplantation in AML. Bone Marrow

Transpl. 2016;51:511. https://doi.org/10.1038/bmt.2015.170[doi].

17. Schlenk RF, Weber D, Fiedler W, Salih HR, Wulf G, Salwender

H, et al. Midostaurin added to chemotherapy and continued

single-agent maintenance therapy in acute myeloid leukemia with

FLT3-ITD. Blood. 2019;133:840–51. https://doi.org/10.1182/

blood-2018-08-869453.

18. Chen YB, Li S, Lane AA, Connolly C, Del Rio C, Valles B, et al.

Phase I trial of maintenance sorafenib after allogeneic hematopoietic

stem cell transplantation for fms-like tyrosine kinase 3 internal tandem

duplication acute myeloid leukemia. Biol Blood Marrow Transpl.

2014;20:2042–8. https://doi.org/10.1016/j.bbmt.2014.09.007.

19. Xuan L, Wang Y, Huang F, Jiang E, Deng L, Wu B, et al. Effect of

sorafenib on the outcomes of patients with FLT3-ITD acute myeloid

leukemia undergoing allogeneic hematopoietic stem cell transplanta-

tion. Cancer. 2018;124:1954–63. https://doi.org/10.1002/cncr.31295.

20. Burchert A, Bug G, Finke J, Stelljes M, Rollig C, Wäsch R, 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. https://doi.org/10.1182/

blood-2018-99-112614.

21. Sandmaier BM, Khaled SK, Oran B, Gammon G, Trone D,

Frankfurt O. Results of a phase 1 study of quizartinib (AC220) as

maintenance therapy in subjects with acute myeloid leukemia in

remission following allogeneic hematopoietic cell transplantation.

Blood. 2014;124:428.

22. ClinicalTrials.gov. Quizartinib with standard of care chemotherapy

and as maintenance therapy in patients with newly diagnosed FLT3-

ITD (+) acute myeloid leukemia (AML) (QuANTUM-First). https://

clinicaltrials.gov/ct2/show/NCT02668653. Accessed 3 Apr 2020.

23. ClinicalTrials.gov. A study of ASP2215 (gilteritinib), adminis-

tered as maintenance therapy following induction/consolidation

therapy for subjects with FMS-like tyrosine kinase 3 (FLT3/ITD)

acute myeloid leukemia (AML) in first complete remission.

https://clinicaltrials.gov/ct2/show/NCT02927262. Accessed 3 Apr

2020.

24. ClinicalTrials.gov. Crenolanib maintenance following allogeneic

stem cell transplantation in FLT3-positive acute myeloid leukemia

patients. https://clinicaltrials.gov/ct2/show/NCT02400255. Accessed

3 Apr 2020.

25. ClinicalTrials.gov. A trial of the FMS-like tyrosine kinase 3

(FLT3) inhibitor gilteritinib administered as maintenance therapy

following allogeneic transplant for patients with FLT3/internal

tandem duplications (ITD) acute myeloid leukemia (AML).

https://clinicaltrials.gov/ct2/show/NCT02997202. Accessed 3 Apr

2020.

26. Abbott Molecular I. Abbott RealTime IDH2. https://www.

molecular.abbott/sal/IDH2-Assay-PI-mw010-after-FDA-approva

l-amp-kit.pdf. Accessed 3 Apr 2020.

27. Levis M, Brown P, Smith BD, Stine A, Pham R, Stone R, et al.

Plasma inhibitory activity (PIA): a pharmacodynamic assay

reveals insights into the basis for cytotoxic response to FLT3

inhibitors. Blood. 2006;108:3477. https://doi.org/10.1182/blood-

2006-04-015743.

28. Filipovich AH, Weisdorf D, Pavletic S, Socie G, Wingard JR, Lee

SJ, et al. National Institutes of Health consensus development

project on criteria for clinical trials in chronic graft-versus-host

disease: I. Diagnosis and staging working group report. Biol

Blood Marrow Transpl. 2005;11:945. https://doi.org/10.1016/j.

bbmt.2005.09.004.

29. Propper DJ, McDonald AC, Man A, Thavasu P, Balkwill F,

Braybrooke JP, et al. Phase I and pharmacokinetic study of

PKC412, an inhibitor of protein kinase C. J Clin Oncol.

2001;19:1485.

30. Stone RM, DeAngelo DJ, Klimek V, Galinsky I, Estey E, Nimer

SD, 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. https://doi.

org/10.1182/blood-2004-03-0891.

31. Knapper S, Russell N, Gilkes A, Hills RK, Gale RE, Cavenagh JD,

et al. A randomized assessment of adding the kinase inhibitor les-

taurtinib to first-line chemotherapy for FLT3-mutated AML. Blood.

2017;129:1143–54. https://doi.org/10.1182/blood-2016-07-730648.

32. Cortes JE, Kantarjian H, Foran JM, Ghirdaladze D, Zodelava M,

Borthakur G, et al. Phase I study of quizartinib administered daily

to patients with relapsed or refractory acute myeloid leukemia

irrespective of FMS-like tyrosine kinase 3-internal tandem

duplication status. J Clin Oncol. 2013;31:3681–7. https://doi.org/

10.1200/JCO.2013.48.8783.

33. Galanis A, Ma H, Rajkhowa T, Ramachandran A, Small D, Cortes J,

et al. Crenolanib is a potent inhibitor of FLT3 with activity against

resistance-conferring point mutants. Blood. 2014;123:94–100.

https://doi.org/10.1182/blood-2013-10-529313.

34. Perl AE, Altman JK, Cortes J, Smith C, Litzow M, Baer MR, et al.

Selective inhibition of FLT3 by gilteritinib in relapsed or refrac-

tory acute myeloid leukaemia: a multicentre, first-in-human, open-

label, phase 1-2 study. Lancet Oncol. 2017;18:1061–75. https://

doi.org/10.1016/S1470-2045(17)30416-3.

Midostaurin after allogeneic stem cell transplant in patients with FLT3-internal tandem. . . 1189

https://doi.org/10.1182/blood-2012-06-431122
https://doi.org/10.1056/NEJMoa1614359
https://doi.org/10.1016/j.clml.2019.04.005
https://doi.org/10.1056/NEJMoa074306
https://doi.org/10.1182/blood-2005-03-1323
https://doi.org/10.1200/JCO.2011.36.9868
https://doi.org/10.1002/cncr.30140[doi]
https://doi.org/10.1038/bmt.2015.170[doi]
https://doi.org/10.1182/blood-2018-08-869453
https://doi.org/10.1182/blood-2018-08-869453
https://doi.org/10.1016/j.bbmt.2014.09.007
https://doi.org/10.1002/cncr.31295
https://doi.org/10.1182/blood-2018-99-112614
https://doi.org/10.1182/blood-2018-99-112614
https://clinicaltrials.gov/ct2/show/NCT02668653
https://clinicaltrials.gov/ct2/show/NCT02668653
https://clinicaltrials.gov/ct2/show/NCT02927262
https://clinicaltrials.gov/ct2/show/NCT02400255
https://clinicaltrials.gov/ct2/show/NCT02997202
https://www.molecular.abbott/sal/IDH2-Assay-PI-mw010-after-FDA-approval-amp-kit.pdf
https://www.molecular.abbott/sal/IDH2-Assay-PI-mw010-after-FDA-approval-amp-kit.pdf
https://www.molecular.abbott/sal/IDH2-Assay-PI-mw010-after-FDA-approval-amp-kit.pdf
https://doi.org/10.1182/blood-2006-04-015743
https://doi.org/10.1182/blood-2006-04-015743
https://doi.org/10.1016/j.bbmt.2005.09.004
https://doi.org/10.1016/j.bbmt.2005.09.004
https://doi.org/10.1182/blood-2004-03-0891
https://doi.org/10.1182/blood-2004-03-0891
https://doi.org/10.1182/blood-2016-07-730648
https://doi.org/10.1200/JCO.2013.48.8783
https://doi.org/10.1200/JCO.2013.48.8783
https://doi.org/10.1182/blood-2013-10-529313
https://doi.org/10.1016/S1470-2045(17)30416-3
https://doi.org/10.1016/S1470-2045(17)30416-3

	Midostaurin after allogeneic stem cell transplant in patients with FLT3-internal tandem duplication-positive acute myeloid leukemia
	Abstract
	Introduction
	Patients and methods
	Study design
	Endpoints
	Statistical analysis

	Results
	Patients
	Efficacy
	Pharmacokinetics and PIA assay
	Safety

	Discussion
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References


