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Abstract

In patients with AML with FMS-like tyrosine kinase 3 (FL73) mutations, the significance of
minimal residual disease (MRD) detected by PCR before allogeneic stem cell transplantation
(SCT) on outcomes after transplant remains unclear. We identified 200 patients with FL73-AML
who underwent SCT at our institution. Disease status at transplant was: first or second complete
remission (CR1/CR2, n=119), high-risk CR (third or subsequent CR, marrow hypoplasia, or
incomplete count recovery) (CR-HR, n=31), and morphological evidence of active disease (AD,
n=50). The median follow-up was 27 months, and the 2-year overall and progression-free survival
were 43% and 41%, respectively. Relapse was highest in the AD group (85%) and the CR-HR
FLT3MRD positive group (72%), followed by CR-HR FL73 MRD negative (58%), CR1/CR2
FLT3MRD positive (39%), and lowest in the CR1/CR2 FL73MRD negative group (23%). On
multivariate analysis, independent factors influencing the risk of relapse were detectable
morphological disease and FL73 MRD by PCR pre-transplant. Factors that did not influence the
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relapse risk included: age, graft type, graft source, type of FL73mutation, or conditioning
intensity. Morphologic and molecular remission status at the time of transplant were key predictors
of disease relapse and survival in patients with FLT3AML.
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Introduction

In acute myeloid leukemia (AML), cytogenetic abnormalities strongly influence treatment
outcomes. However, the role of molecular abnormalities remains less well understood.
Acquired somatic mutations in the FMS-related tyrosine kinase 3 (FL73) gene are present in
up to 30% of patients with AML with diploid cytogenetics, which makes FL73 one of the
most frequently mutated genes in AML.[1, 2] FLT3is a tyrosine kinase receptor for the
FLT3ligand. Internal tandem duplication (ITD) of FL73or mutations in the activation loop
of the tyrosine kinase domain (TKD), predominantly at codon 835 or 836, cause constitutive
activation of the tyrosine kinase. This activates downstream signaling of the RAS, MAPK,
and STAT5 pathways, leading to dysregulation of cellular proliferation.[3, 4] AML with
FLT3ITD carries a poor prognosis owing to its higher risk of relapse.[2, 5] While the
optimal management of patients with FL7.3 mutated AML is still controversial, allogeneic
stem cell transplant (SCT) early in the course of the disease has emerged as the preferred
therapy owing to a higher risk of relapse in these patients. [6-9] Even after SCT, disease
relapse remains a significant cause of treatment failure.[5, 10] Some studies identified the
presence of a high ratio of mutant to wild-type FL73alleles as a high-risk feature in patients
with FL73 mutated AML.[11] However, in patients with FL73 mutated AML treated with
SCT other potential predictors of a relapse remain incompletely understood.

Minimal residual disease (MRD) detection techniques are emerging as useful tools to risk
stratify patients both before and after SCT.[12] Many centers now use multi-color flow
cytometry for MRD detection in AML patients. The use of polymerase chain reaction (PCR)
for detection of MRD is still controversial, and most centers do not routinely use PCR for
MRD detection.[13, 14] Moreover, the utility of FL73detection by PCR as a minimal
residual disease marker at the time of SCT and its impact on post-transplant relapse rates is
unknown.

The aim of this study was to assess the impact of disease status before transplant on relapse
and survival in patients with FL73mutated AML treated with SCT. Specifically, we
investigated the utility of MRD detection by PCR pre-transplant on the prognosis of these
patients.

Methods

Study design and data collection

We retrospectively screened 1,255 AML patients who underwent their first SCT between
January 2000 and October 2014 and identified 200 adult patients with FL731TD or FLT3
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TKD mutations detected at diagnosis (Table 1). Patients were considered to have FLT3
mutated AML if one of these mutation types was detected, irrespective of the allele burden.
FL T3 status before transplant was assessed using bone marrow samples collected within 30
days before the patient received the transplant.

FLT3 mutation detection

A multiplex fluorescence-based PCR analysis for ITD and kinase domain (D835, D836)
mutations in FLT73was performed on DNA isolated from bone marrow aspirate samples as
previously described.[15] Briefly, fluorescently labeled PCR primers were used to amplify
targeted juxtamembrane domain and kinase domain sequences. PCR product sizes were
determined using capillary gel electrophoresis on a 3100 Genetic Analyzer (Applied
Biosystems, Foster City, CA). The presence of PCR fragments larger than the wild-type
allele indicated ITD. To detect TKD D835/D836 mutation, PCR products were digested with
the EcoRV restriction enzyme before capillary electrophoresis. Wild-type alleles cut by this
enzyme yield two fragments, whereas alleles with mutations at D835/D836, which alter the
EcoRV recognition site, yield one fragment. The analytical sensitivity of these assays is
approximately 1% mutant alleles in a background of wild-type alleles.

Definitions and endpoints

The main objective was to study the impact of MRD detected by PCR (done on marrow
samples within 30 days preceding the SCT) on risk of relapse post-transplant in patients
with FLT3mutated AML. The primary endpoint was to determine the effect of FLT3PCR
detected prior to transplant on relapse incidence appreciated by the 2-year cumulative
incidence of relapse. The secondary endpoints were the 2-year non-relapse mortality
(NRM), overall survival, and progression-free survival (PFS). On morphologic examination,
presence of disease was defined as more than 5% blasts in the bone marrow.

Outcomes were compared between subgroups according to their morphologic disease status
(in complete remission or with disease present) and FL7.3status by PCR (molecular MRD
positive or MRD negative) before transplant. Patients in complete remission were classified
as being in first complete remission (CR1), second complete remission (CR2), or high-risk
remission (CR-HR). CR-HR included third or subsequent complete remission (CR3) as well
as complete remission with incomplete count recovery (CRi) or marrow hypoplasia after
primary induction failure (PIF) or after first relapse. We analyzed patients in the CR-HR
group separately given that they have a higher risk of relapse than patients in the CR1 or
CR2. The study was reviewed and approved by the Institutional Review Board of The
University of Texas MD Anderson Cancer Center.

Statistical methods

Time to event was assessed from the day of stem cell infusion. Overall survival and PFS
were estimated by the Kaplan-Meier method. For overall survival, death from any cause was
considered an event, while for PFS, death or disease relapse was considered an event. The
risk of relapse was estimated using the cumulative incidence method, with death in the
absence of disease considered a competing risk.[16] Risk factors for disease progression and
PFS were assessed on univariate and multivariate analysis using Cox proportional hazards
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regression analysis. Statistical significance was defined at the 0.05 level. Analyses were
performed using Stata 11 (StataCorp LP, College Station, TX).

Results

Patient characteristics

Patient characteristics are summarized in Table 1. The median age was 51 years (range
18-72 years). Eighty-five percent of patients received myeloablative conditioning (n=170).
At the time of transplant, by morphologic examination, 49% of patients (n=99) were in CR1,
10% (n=20) were in CR2, 16% (n=31) were in CR-HR, and 25% had morphologic
detectable disease (more than 5% bone marrow blasts) (AD; n=50). Patients with high-risk
morphological remission (N=31, 16%) included: CR3 or subsequent CR (n=4), CRi or
marrow hypoplasia after PIF (n=13), and CRi or marrow hypoplasia after 15t relapse (n= 14).
Of the 150 patients in CR1, CR2, or CR-HR, 27 patients had detectable FL73by PCR (CR1
or CR2, n=11; CR-HR, n=16). Eighty-four percent of patients had FL73I1TD, while 17% of
patients had FL73 TKD mutations.

Impact of FLT3 by PCR on relapse

Figure 1A compares relapse incidence between morphologic and molecular subgroups. The
2-year cumulative incidence of leukemia relapse was 45% in all patients. The cumulative
incidence of relapse was highest for patients with morphological disease present at the time
of transplant (85%) and in the CR-HR FL73MRD positive group (72%) followed by CR-
HR FLT3MRD negative (58%) and CR1/CR2 FLT73 MRD positive (39%). The risk of
relapse was lowest (23%) for patients in CR1/CR2 with no evidence of FL73by PCR at the
time of transplant (FL73 MRD negative). Factors that did not influence the risk of relapse on
univariate analysis included: age, donor source (HLA-matched related, HLA-matched
unrelated, haploidentical and cord blood), stem cell source (peripheral blood vs. bone
marrow), or conditioning intensity (myeloablative vs. reduced-intensity) (Table 2). On
multivariate analysis, the only two independent factors associated with a higher risk of
disease relapse were detectable disease by morphological examination and molecular
detection of FL7T3MRD by PCR at the time of transplant (Table 2)

Non-relapse mortality

Compared to patients in CR1, NRM was higher in patients in CR2 (hazard ratio [HR] 3.0,
p=0.02), patients in CR-HR (HR 3.2, p=0.02), and patients with AD (HR 2.9, p=0.03).
Patients with a Karnofsky Performance Status (KPS) less than or equal to 80% had higher
NRM compared to patients with KPS > 80% (P < 0.001). Also, NRM was higher in patients
going to transplant with detectable F.73by PCR (HR 2.9, p=0.004) than patients without
detectable FL73by PCR. The factors that did not influence NRM were age, hematopoietic
cell transplant—comorbidity index score, donor source, conditioning intensity (ablative
versus reduced intensity), and stem cell source.

On multivariate analysis, KPS < 80% (HR 4, p=0.001) and patients not in CR with
detectable FL73by PCR at transplant (HR 3.6, p=0.001) were independently associated with
a higher risk of NRM (HR 5.1, p<0.001). The causes of NRM in this cohort were graft-
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versus-host disease (n=10, 9%), infection (n=9, 8%), regimen-related toxicity (n=8, 7%),
graft failure (n=1, 1%), and other causes (n=7, 6%).

The median follow-up among survivors was 27 months (range 3-139 months), and the 2-year
overall survival and PFS rates for the entire group were 43% and 41%, respectively (Figure
2). One hundred ten patients died, and leukemia relapse was the most common cause of
death (n=75, 68% of deaths).

Morphologic and molecular disease status at the time of transplant were significantly
associated with PFS. PFS was not significantly worse for patients in CR2 than in patients in
CR1 (HR 1.5, p=0.3); however, PFS was lower in patients in CR-HR (HR 3.9, p<0.001) and
patients with disease detected by morphologic analysis (HR 5.9, p<0.001) than in patients in
CR1 (Table 2). The FLT3MRD molecular detection by PCR at the time of transplant was
also an important factor influencing PFS. Patients in CR1 or CR2 who were FL73MRD
negative by PCR patients had higher PFS (62%) than patients in CR1 or CR2 who were
FLT3MRD positive by PCR (41%, p=0.3), patients in CR-HR who were FL73MRD
negative by PCR (33%, p=0.01) and with CR-HR who were FL73 MRD positive by PCR
(0%, p<0.01), and patients with AD (8%, p<0.01) (Figure 1B).

On multivariate analysis, independent predictors of worse PFS included disease detected by
morphologic examination (HR 4.5, p<0.001), CR-HR with FL73 MRD positive by PCR (HR
7.2, p<0.001), Karnofsky performance scale status of <80 (HR 2.1, p<0.001), hematopoietic
cell transplant—comorbidity index of >4 (HR 1.6, p=0.05), and an unrelated donor source
(matched unrelated donor or cord blood) compared with a related donor source (matched
sibling or haploidentical) (HR 1.6, p=0.05) (Table 2). No significant association was
identified between PFS and age above 50 years, conditioning intensity, or stem cell source
(peripheral blood versus bone marrow).

Discussion

We investigated the role of mutated FL73 detected by PCR as an MRD marker, evaluated
immediately before transplant, on transplant outcomes in patients with FL73AML
undergoing SCT, and found that disease status before transplant measured not only
morphologically but also molecularly independently influenced the risk of leukemia relapse
and survival after transplant in these patients. Detection of mutated ~L73by PCR before
transplant was associated with higher relapse risk and worse survival in all pre-transplant
morphologic disease status groups, suggesting that detecting FL73by PCR is a useful tool to
better assess MRD prior to transplant and stratifies these patients by relapse risk more
effectively than morphologic examination alone.

In general, the risk of disease relapse post-transplant is highest among patients with evidence
of residual disease assessed by morphologic analysis at the time of transplant.[17] In our
study, the depth of remission, assessed morphologically and molecularly, shortly before
transplant was significantly associated with the risk of leukemia relapse after transplant.
Patients with evidence of morphologic disease present at the time of transplant had the
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highest risk of relapse (85%), followed by patients in CR-HR, while patients in CR1 or CR2
at the time of transplant had the lowest risk of relapse rate, as predicted. Similarly, molecular
disease status before transplant, represented by mutated ~L7.3 detected by conventional
PCR, was a useful MRD marker, as this measure further stratified patients by risk of relapse.
Patients in CR1 or CR2 with FL73MRD negative disease by PCR at the time of transplant
had the lowest incidence of relapse after transplant (23%) and excellent survival, suggesting
a beneficial effect of SCT for these patients. Similarly, the molecular remission status was
useful in patients with CR-HR. In this group, patients with detectable FL73MRD by PCR
before transplant had a very high incidence of leukemic relapse (72%), similar to that in
patients with morphologic evidence of disease (>5% blasts) before transplant. Conversely,
patients in CR-HR without detectable FL73 MRD measured by PCR had a relatively lower
risk of disease relapse (58%) and better PFS than their FLT3 MRD positive counterparts.

Collectively, these findings suggest that FL73MRD testing before and after transplant on
conventional PCR may be a useful tool to predict disease relapse. While MRD detection can
be a useful tool to predict early disease relapse post-transplant [17], FL73testing by
conventional PCR has generally not been regarded as a good MRD marker given its
relatively low sensitivity.[13, 14] Several smaller studies have shown that patient-specific
FLT3I1TD testing by PCR can be an effective MRD marker; however, this technique is not
widely available.[18, 19] Our analysis provides a rationale that testing for FL7.3by
conventional PCR as a marker for MRD may have a role in identifying patients at high risk
of relapse post-transplant. This finding, if verified prospectively, would be particularly
useful to guide preemptive interventions after transplant, such as maintenance therapy post-
transplant (e.g., azacitidine or FLT3inhibitors). A number of FL73inhibitors are currently
being investigated, and some have shown promising results.[20] Moreover, newer FLT73
detection techniques, such as next-generation sequencing or newer PCR testing
methodology, might further improve detection sensitivity and render mutated ~L73a useful
MRD marker.[21-23] For example, Grunwald et al recently reported a relapse rate of 86% in
a group of FL73mutated AML patients with detectable F.73by tandem duplication PCR
but not by conventional PCR.[23]

Our study also highlights the effects of FL73 mutation type and donor source on outcomes
after transplant. The prognostic significance of FL731TD versus FL73TKD mutations is
controversial.[24, 25] We found no differences in outcomes between FL731TD or FLT3
TKD mutations on multivariate analysis, although the numbers were small to make firm
conclusions and this needs to be confirmed in larger studies. We also did not identify an
effect of donor source on the risk of relapse. However, we did observe worse PFS and NRM
in patients with unrelated donors than in patients with related donors. This difference
between donor sources may seem counterintuitive since several studies have shown that the
use of full human leukocyte antigen—matched unrelated donors led to outcomes similar to
those from the use of matched sibling donors.[26] Our findings may be explained by the fact
that our sample included patients treated over a long span of time, and high-resolution
human leukocyte antigen typing has significantly improved over the past decade. Also, we
found that patients with haploidentical donors had outcomes similar to those of patients with
matched sibling donors. This result, although limited, supports several recent studies
comparing haploidentical stem cellsources in patients receiving post-transplant
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cyclophosphamide with matched sibling donor or matched unrelated donor stem cell
sources.[27-30] Together, these findings suggest that proceeding faster to transplantation
with the first available donor should be considered, as postponing transplant can be
detrimental.

There are several limitations to our study. First, this is a retrospective study, with its inherent
biases. In addition, we were unable to correlate MRD represented by mutated FL73by PCR
(which became readily available after 2000) with MRD detected by multi-color flow
cytometry (routinely available after 2012). However, this is the largest study of patients with
FLT3mutated AML undergoing allogeneic stem cell transplantation to date and the first to
detect a significant impact of MRD detected by PCR for the ~L 73 mutations immediately
pre-transplant, as well as an impact of disease detected by morphologic analysis, on relapse
and survival. Ultimately, these findings will need to be confirmed in prospective trials.

In conclusion, in patients with FL73mutated AML, the degree of disease control, not only
morphologically but also molecularly shortly before transplant is an influential factor
predicting disease relapse post-transplant. By testing for FL73 mutations by PCR pre-
transplant, as a MRD marker, we were able to further risk stratify disease relapse post-
transplant. Patients with morphological evidence of disease had extremely high rates of post-
transplant relapse and newer approaches are needed in this group of patients. Several trials
are currently evaluating post-transplant ~L7.3inhibitors (NCT02400255, NCT01578109);
and FLT3MRD detection by PCR before or after transplant could help identify high-risk
patients who would benefit from such early interventions.
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Figure 1.

A. Cumulative incidence of relapse according to disease status on morphologic analysis and
FLT3status at the time of transplant. 1B. Progression-free survival according to disease
status on morphologic analysis and FL73 status at the time of transplant
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Overall survival and progression-free survival
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Patient characteristics
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Characteristic

Value (n=200)

Male/female
Median age (range)
>50 years, no. (%)
Karnofsky performance status =80%, no. (%)
Hematopoietic cell transplant-comorbidity index score >4, no. (%)
Diploid cytogenetic, no. (%)
Disease status at transplant, no. (%)
CR1
CR2
CR-HR
Third or subsequent complete remission
PIF/CRI
PIF/hypoplastic marrow
First relapse/CRi
First relapse/hypoplastic marrow
Morphologic evidence of disease
FLT3 detected at the time of transplant (excluding patients with disease on morphologic analysis), no. (%)
CR1/CR2
CR-HR
Donor source, no. (%)
Matched sibling
1 antigen mismatched sibling
10/10 HLA-matched unrelated
8/8 HLA-matched unrelated
9/10 HLA-matched unrelated
Cord blood
Haploidentical
Stem cell source, no. (%)
Peripheral blood
Bone marrow
Cord blood
FLT3 mutation type, no. (%)
FLT3ITD
FLT3TKD mutation (835/836)
Both FLT31TD and FLT3TKD mutation (835)
Unknown
Conditioning regimen, no. (%)
Myeloablative

Busulfan based
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98/102

51 years (18-72 years)
106 (53)

128 (64)

38 (19)

119 (60)

99 (49)
20 (10)
31 (16)
4

10

3

11

3

50 (25)
27/150 (18)
11

16

62 (31)
1(1)
86 (43)
9(4)
11 (5)
18 (9)
13 (7)

110 (55)
72 (36)
18 (9)

160 (80)
26 (13)
8(4)

6 (3)

170 (85%)
148
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Characteristic Value (n=200)
Reduced intensity 30 (15%)
Melphalan based 25

CR1: first complete remission; CR2: second complete remission; CRi: complete remission with incomplete blood count recovery; PIF:
primary induction failure; ITD: internal tandem duplication; TKD: tyrosine kinase domain; HLA: human leukocyte antigen
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Univariate and multivariate analysis for risk of relapse and progression-free survival
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Univariate analysis
Characteristic Risk of relapse Progression-free survival
HR  95% ClI P HR  95% CI P
Age (>50 years versus <50 years) 11 0.7-18 0.6 094 0.6-14 0.7
Karnofsky performance status (>80% versus <80%) 0.7 0.45-1.2 0.2 0.5 0.3-0.7 <0.001
FLT3 status at time of transplant (positive versus negative) 51 3185 <0.001 44 296-6.7 <0.001
Hematopoietic cell transplant-comorbidity index score (=4 versus 0/1) 15 09-27 0.1 1.8 1.2-2.9 0.009
Disease status at transplant
CR2 versus CR1 0.7 0.2-22 0.5 15 0.7-2.96 0.3
CR-HR versus CR1 43 2.2-8 <0.001 39 23-6.6 <0.001
Active morphologic disease versus CR1 6.5 3.7-11  <0.001 5.9 3.7-9.3 <0.001
Donor source
Matched unrelated versus matched related 16 09-28 0.09 1.6 1.0-2.6 0.04
Mismatched unrelated versus matched related 1.2 05-29 0.6 19 097-35 0.06
Haploidentical versus matched related 05 0.1-22 0.4 0.9 0.4-2.5 0.9
Cord blood versus matched related 19 0942 0.1 2.2 1.2-4.3 0.01
Graft source, excluding cord blood (peripheral blood versus bone marrow) 0.9  0.6-1.5 0.7 0.8 0.6-1.3 0.4
FLT3 mutation type (ITD versus TKD mutation at 835) 25 1063 0.05 199 1.0-3.9 0.05
Conditioning intensity (reduced intensity versus myeloablative) 1.1 0.6-2.0 0.8 1.2 0.7-1.9 0.5
Multivariate analysis
Characteristic Risk of relapse Progression-free survival
HR  95% ClI P HR 95%CI P
CR-HR and FLT3 negative 29  12-72 0.02 NS
CR-HR and FLT3 positive 75 34-17 <0.001 7.2 3.7-14  <0.001
Active morphologic disease present at time of transplant 7 39-12 <0001 45 28-71 <0.001
Karnofsky performance status <80 21 1.4-3.3  <0.001
Hematopoietic cell transplant-comorbidity index score 24 1.6 0.99-2.6 0.05
Unrelated donor 1.7 0.98-2.8 0.06 16 0.99-24 0.05

HR: hazard ratio; ClI: confidence interval; CR1: first complete remission; CR2: second complete remission; CR-HR: high-risk complete

remission; ITD: internal tandem duplication; TKD: tyrosine kinase domain; NS: not significant
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