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m The negative prognostic impact of internal tandem duplication of FLT3 (FLT3-ITD) in

) ) patients with acute myeloid leukemia with mutated NPM1 (AML-NPM1) is restricted to

¢ PEitEE: V::lT those with a higher FLT3-ITD allelic ratio (FLT3"#"; =0.5) and considered negligible in
vDV(l)VrgeTf\l/l\DM 1h|\aAVI§D those with a wild-type (FLT3V")/low ITD ratio (FLT3"%). Because the comutation of
clleptenes, vl @@ DNMT3A (DNMT3A™") has been suggested to negatively influence prognosis in AML-
be counteracted by NPM1, we analyzed the impact of DNMT3A™"" in FLT3-ITD subsets (absent, low, and high
preemptive allogeneic ratios). A total of 164 patients diagnosed with AML-NPM1 included in 2 consecutive
transplantation. CETLAM protocols and with DNMT3A and FLT3 status available were studied. Overall,

« DNMT3A™ does not DNMT3A™" status did not have a prognostic impact, with comparable overall surviva}
modify the prognostic (P = .2). Prognostic stratification established by FLT3-ITD (FLT3W" = FLT3"°" > FLT3"&M)
value of the FLT3-ITD was independent of DNMT3A™" status. Measurable residual disease (MRD) based on NPM1
allelic ratio in AML- quantitative polymerase chain reaction was available for 94 patients. DNMT3A™" was
NPM1. associated with a higher number of mutated NPM1 transcripts after induction (P = .012)

and first consolidation (C1; P < .001). All DNMT3A™" patients were MRD™* after C1

(P < .001) and exhibited significant MRD persistence after C2 and C3 (MRD" vs MRD ~;

P =.027 and P = .001, respectively). Finally, DNMT3A™" patients exhibited a trend toward
greater risk of molecular relapse (P = .054). In conclusion, DNMT3A™"" did not modify the
overall prognosis exerted by FLT3-ITD in AML-NPM1 despite delayed MRD clearance,
possibly because of MRD-driven preemptive intervention.

Introduction
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In recent years, the role of molecular genetics has proven to be essential in deciphering the heterogene-
ity of acute myeloid leukemia (AML)"? and defining genetic markers of prognostic significance that can
guide risk-adapted treatment.®

AML with mutations in the nucleophosmin 1 gene (AML-NPM1) forms a specific category in the latest
World Health Organization classification because of its singular characteristics.* The cooccurrence of
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mutated NPM1 (NPM1™") and the internal tandem duplication of
FLT3 (FLT3-ITD) in de novo AML with intermediate-risk cytogenetics
results in a different prognostic impact depending on the FLT3 alle-
lic burden®” Previous studies have shown that patients with
NPM1™" and an FLTSHTD low ratio (FLT3°"; FLTS-TD/FLT3"T
ratio of <0.5) had overall survival (OS) and risk of relapse (RR) simi-
lar to those of patients with NPM1™" and wild-type (WT) FLT3
(FLT3™T).8® Since 2012, these findings have been included in our
latest protocol (CETLAM [Spanish Cooperative Group for the Diag-
nosis and Treatment of Acute Myeloid Leukemia and Myelodysplas-
tic Syndromes] AML-12), and patients with FLT3°%-NPM1™" AML
are not considered for allogenic hematopoietic stem cell transplanta-
tion (alloHSCT) in first complete remission (CR1). However, a
molecular-based measurable residual disease (MRD) monitoring
protocol is strictly followed to allow early-intervention strategies.

The DNA (cytosine-5)-methyliransferase 3A (DNMT3A) gene is
located on the short arm of chromosome 2 and encodes for a DNA
methyltransferase that methylates unmodified DNA cytosine resi-
dues modulating the expression of several genes.'®'" Almost all
DNMT3A mutations are heterozygous, and more than two-thirds
cluster at the methyltransferase domain in codon R882, causing
loss of methylation activity by disturbing DNMT3A tetrameriza-
tion."?'® However, although a precise methylation pattern alteration
resulting from mutations in DNMT3A has not yet been estab-
lished,'”" a new mechanism of leukemogenesis characterized by
the upregulation of the hepatic leukemia factor (a specific leukemic
transcription factor) has been shown to be related to the cooccur-
rence of DNMT3A, NPM1, and FLT3 mutations.?®

DNMT3A is considered a founder mutation in AML.2%2* It has been
associated with age-related clonal hematopoiesis, with increasing
frequency in healthy elderly individuals,?® although a recent study
found a correlation of DNMT3A mutations with younger age in
NPM1™" AML*® Patients with AML and mutated DNMT3A
(DNMT3A™") are frequently older and present with higher white
blood cell (WBC) counts and higher platelet counts compared with
WT DNMT3A (DNMT3AWT).'® 1727 DNMT3A is the third most fre-
quently mutated gene in AML patients included in intensive chemo-
therapy trials. It is predominantly observed in AML-NPM1 (73%)
and less frequently in patients with mutations in chromatin remodel-
ing genes or genes involved in spliceosome function. Interestingly, a
recurrent association of NPM1™"/DNMT3A™"/FLT3-ITD has been
observed in 6% of AML cases.?®?° The prognostic significance of
mutations in DNMT3A has been controversial; some studies have
found no significant influence on survival outcomes,'” whereas
others have suggested that the cooccurrence of NPM1™Y
DNMTSA™Y/FLTS-ITD in AML patients is associated with adverse
outcomes.” 33933

In 2013, the German AML Study Group described the clinical impact
of DNMT3A™" in younger adults with AML.3* In a univariable explor-
atory subset analysis, the group showed a significant prognostic
impact of DNMT3A™" in unfavorable European LeukemiaNet (ELN)
AML, whereas no impact was observed in favorable ELN AML. In
2016, the proposed AML gene classification by Papaemmanuil et
al?® showed a deleterious effect of DNMT3A™" when specifically
associated with FLT3-ITD independently of its allelic ratio.

We analyzed whether this triple-gene alteration led to an unfavorable
prognosis in AML-NPM1 patients, with particular attention to those
harboring FLT3°".
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Methods
Patients and samples

Patients with de novo AML and intermediate-risk cytogenetics
according to the Medical Research Council,®® NPM1™ and avail-
able bone marrow sample from diagnosis were selected. All patients
were diagnosed between 2003 and 2017 and were included in
the CETLAM intensive treatment protocols AML-03 and AML-12
(registered at www.clinicaltrials.gov as #NCT01723657 and
#NCT04687098) provided they met the criteria for eligibility. The
present study was reviewed and approved by the ethics committee
of the Hospital de la Santa Creu i Sant Pau (Comite etic
d'Investigaci6 Clinica). Informed consent for both bone marrow anal-
ysis and treatment was obtained in all cases according to the Decla-
ration of Helsinki.

Molecular studies

Diagnostic bone marrow samples from all patients were analyzed
for DNMT3A™" as previously described.'” The mutational status of
the FLT3 gene was also established. In mutated cases, the allelic
ratio was calculated by dividing the area under the curve of the
FLT3-ITD peak and the area under the curve of the FLT3T peak.
Patients were stratified into 2 groups: those with a high ratio
(FLT3"9") if the ratio of FLTS-TD/FLT3"V" was =0.5 and those with
FLT8°" if the ratio of FLT3-ITD/FLTS"T was <0.5.

Monitoring of NPM1 MRD was performed on bone marrow samples
by quantitative reverse transcription polymerase chain reaction (sen-
sitivity 10~ % to 107°) as previously described.® After each treat-
ment cycle, absolute transcript reduction was estimated, and its
logarithm (log10) reduction from diagnosis was also explored.
Based on the latest ELN MRD working party recommendations,®”
MRD positivity was considered when NPM1 transcripts were ampli-
fied in at least 2 of 3 replicates with cycle threshol values of =40 at
a cycling threshold of 0.1. Molecular relapse was confirmed if the
MRD level (in a patient previously MRD™) increased =1 log10
between 2 consecutive positive samples, and molecular progression
was confirmed if copy numbers increased =1 log10 between 2
positive samples in a patient with MRD ™.

Statistical analysis

Analysis of the relationship between categorical variables was
performed using the x2 or Fisher's exact test. Differences between
groups for continuous variables were established through the inde-
pendent samples t test or Mann-Whitney U test. All tests were 2
sided and considered significant where P < .05. OS was calcu-
lated from diagnosis to death, whereas leukemia-free survival (LFS)
was calculated from CR to death or relapse; both functions were
estimated with the Kaplan-Meier method. Unless specified other-
wise, all survival results reported reflect 5-year estimates. A log-rank
test was run to determine differences in the survival distribution,
with a significance threshold of P = .05. RR was estimated using
the cumulative incidence method, defining relapse as the main event
and death without relapse as the competitive event. Molecular LFS
(molLFS) was estimated from CR to molecular failure, overt hemato-
logical relapse, or death. All statistical analyses were performed with
SPSS software (version 26; IBM, Armonk, NY) and R statistics (ver-
sion 3.6.1; R Foundation for Statistical Computing, Vienna, Austria).
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Table 1. Patient characteristics according to DNMT3A™"" status

No. (%)
DNMT3A"T DNMT3A™!

(n = 85) (n =79) P
Female sex 51 (60) 36 (46) .08
Age, y .7

Median 53 53

Range 18-71 25-72
WBC, x 10°/L <.001

Median 16 50

Range 0.55-408 1.3-384
BM blasts, % 7

Median 73 73

Range 20-100 20-100
Platelet count, x 10°/L 4

Median 64 70

Range 8-488 12-625
FLT3 mutational status .6

WT 46 (54) 40 (50)

FLT3°" 19 (22) 15 (19)

FLTMe" 19 (22) 23 (30)
Treatment protocol

AML-03 26 (31) 22 (28)

AML-12 59 (69) 57 (72)
Postinduction CR 75 (88) 69 (87) .7
No. of cycles to achieve CR (1 vs 2) 67 vs 8 61 vs 8 .86
No. of patients undergoing alloHSCT in CR1 16 (19) 22 (28) 9

BM, bone marrow.

Results

Patient characteristics according to
DNMT3A™" status

A total of 164 patients with AML-NPM7 were included. Clinical and
genetic characteristics at diagnosis are described in Table 1.
Patients were included in protocols AML-03 (n = 48) and AML-12
(h = 116). DNMT3A™" was found in 79 patients (48%); in 62
cases (38%), mutations were in codon R882 or were insertions/
deletions, whereas 17 (10%) were different missense mutations.
Seventy-six patients (46%) harbored FLT3-ITD, 42 of whom had
FLT3"Sh (559). According to DNMT3A™ status, patient character-
istics were comparable, except for a higher WBC presentation
among DNMT3A™" patients. Of note, the proportion of FLT3-ITD
allelic burden subsets (ie, FLT3WT, FLT3°%, and FLT3"") was inde-
pendent of DNMT3A™" (P = .6).

Eighty-eight percent of patients achieved CR after 1 or 2 cycles of
induction therapy (n = 128 and 16, respectively); 6% (n = 10) had
refractory disease, and 10 patients died during induction. As consol-
idation therapy, 58 patients received intensive treatment consisting
of 2 to 3 high-dose cytarabine cycles. AlloHSCT was performed in
65 patients (CR1, n = 44; CR2, n = 15; with refractory disease,
n = 4); 14 patients underwent autologous transplantation. The
median follow-up time was 30 months.
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Prognostic impact of DNMT3A™"

In the entire cohort of AML-NPM1 patients, OS, LFS, and RR were
59% =+ 4%, 60% = 5%, and 27% = 7%, respectively. FLT3-ITD
allelic ratio confirmed its prognostic impact, with a similar outcome
for patients with FLT3™T or FLT3" and a significantly worst prog-
nosis for cases with FLT3"S", OS was 67% *+ 6% vs 62% * 9%
vs 40% = 8% (P = .002; supplemental Figure 1), respectively; RR
was 18% = 9% vs 27% * 16% vs 41% = 17% (P = .008),
respectively; and LFS was 71% = 5% vs 56% =+ 9% vs 40% =
9% (P = .002), respectively. In contrast, DNMT3A™" did not exert
a significant effect on overall outcomes (Figure 1), with OS in
DNMT3AWT vs DNMT3A™" patients of 62% * 6% vs 56% *+ 6%
(P = .2), respectively; LFS of 65% = 6% vs 54% = 6% (P = .1),
respectively; and RR of 22% = 11% vs 31% = 11% (P = .2).
The outcomes of DNMT3A subsets among the entire AML-12
cohort are available in supplemental Figure 2.

Additionally, the individual effect of R882 DNMT3A™" was analyzed
separately and did not show any prognostic impact (P = .4; supple-
mental Figure 3). Multivariate analysis performed for OS included
age, protocol, WBC count, DNMT3A™" status, and FLT3-ITD sub-
sets, the latter being the only statistically significant variable (data not
shown).

The effect of the cooccurrence of DNMT3A™" and FLT3-TD was
analyzed separately. In the DNMT3A™" cohort, whereas OS
between FLT3™T and FLT3°" was similar, patients with FLT3""
showed particularly worse outcomes (FLT3WT vs FLT3°" OS, 68%
+ 8% vs 56% * 13%, respectively; P = .3; FLT3WT°" ys FLT3""
0S8, 65% = 7% vs 28% = 13%, respectively; P = .015). This was
further validated in terms of LFS (FLTS"" vs FLT3°", 68% * 8% vs
50% + 13%, respectively; P = .1; FLT3V" vs FLT3"9" 6200 +
7 vs 20% * 16%, respectively; P = .014) and RR in the same
groups (23% = 15% vs 29% = 23%, respectively; P = .4; 25% =
13% vs 48% = 20%, respectively; P = .017; Figure 2).

In patients without DNMT3A™", the allelic ratio of FLT3-TD main-
tained its prognostic value, with similar outcomes between FLT3T
and FLT3°" patients. Interestingly, in this group of patients, the dele-
terious effect of FLT3"" was mildly modulated (FLT3WT vs FLT3°"
0S, 66% + 8% vs 66% *+ 11%, respectively; P = .5; FLT3Wow
vs FLT3"" OS, 66% *+ 7% vs 47% = 12%, respectively; P =
.028). Similar findings were seen in terms of LFS (FLT3WT vs
FLT3°", 74% + 8% vs 61% + 13%, respectively; P = .2;
FLT3VTow vs FLT3MM 7006 + 7% vs 520 *+ 13%, respectively;
P = .083) and RR (14% == 11% vs 26% = 219%, respectively; P =
.2, 17% = 12% vs 33% =+ 23%, respectively; P = .1; Figure 3).

The direct comparison of DNMT3A™" status according to each
FLT3 status (WT, low, and high) was not statistically different (sup-
plemental Figure 4), although the general analysis of DNMT3A
depending on FLT3™T or FLT3™! showed statistical differences.
This might be due to the low number of patients analyzed when
dividing into the 3 groups.

MRD kinetics according to DNMT3A™"! status

Patients included in the CETLAM AML-12 trial with AML-NPM1
allocated to the favorable ELN category (FLT3™T or FLT3°") were
not intended to undergo alloHSCT in CR1 unless a molecular failure
was identified. Therefore, patients were closely monitored for NPM1
MRD at specific time points (postinduction, after each consolidation
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Figure 1. Overall impact of DNMT3A™" on AML-NPM1. OS (A) and LFS (B) of patients according to DNMT3A™" status.

cycle, and every 3 months for 3 years after treatment completion) to
ensure rapid detection of molecular relapse and subsequent therapy
initation.®® Patients with FLT3"9" underwent alloHSCT after the first
consolidation cycle (C1).

In 94 patients with available MRD data, we further investigated
whether DNMT3A™" status influenced NPM1 MRD. Although the
probability of achieving hematological CR was not affected by
DNMT3A (75 vs 69 patients in with DNMT3AWT and DNMT3A™,
respectively; P = .46), NPM1 MRD kinetics differed according to
DNMT3A™" status. Patients with DNMT3A™" showed a higher num-
ber of absolute NPM1™" transcripts after induction (P = .012) and
C1 (P < .001; Figure 4A). Similar findings were observed after C2
and C3 among patients not intended to undergo alloHSCT in CR1.

Therefore, we explored the relationship between DNMT3A subsets,
posttreatment molecular MRD status (positive vs negative), and
MRD response depth (log10 reduction; Figure 4B-G). After induc-
tion, all but 1 patient remained MRD™. Although there were no sta-
tistical differences in the number of log10 reductions, a trend
toward a more profound molecular response (=4 log10) was
observed in the DNMT3A™T group (DNMT3AWT vs DNMT3A™,
39% vs 15%, respectively; P not significant).

After C1, none of the DNMT3A™" patients achieved MRD ™ status,
compared with 32% of DNMT3AWT patients (P = .001). Of note,
patients without DNMT3A™! presented a deeper MRD reduction
(=4 log10 reduction in 77% of DNMT3AWT vs 46% of DNMT3A™
patients; P = .033). The relationship between DNMT3A and NPM1
MRD was also sustained after C2 and C3 (Figure 4B-G; supplemen-
tal Figure 5). Additionally, when considering the triple-mutated group
(NPM1, FLT3-ITD, and DNMT3A), all patients remained MRD ™ after
induction, C1, and C2 regardless of FLT3-ITD allelic ratio.

Finally, the potential influence of DNMT3A™" status on molecular fail-
ure was explored. Among 85 cases included in the AML-12 protocol
not initially considered for alloHSCT in CR1 (AML-NPM17 with
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FLTSWT or FLT3°%, n = 63 and 22, respectively), the median
molLFS was not reached at a mean follow-up of 30 months (supple-
mental Figure 6). When stratified by DNMT3A™" status, patients
with the WT form exhibited a trend toward a long-term sustained
molecular CR (molLFS, 63% *+ 9% vs 50% * 9% in DNMT3AVT
(n = 42) vs DNMT3A™" (n = 35), respectively; P = .054; Figure 5).

Eleven patients in the favorable-risk group harbored NPM1™Y
FLT3°%/DNMT3A™": of these, only 5 experienced a molecular or
hematological relapse and underwent alloHSCT. In total, 23 patients
(27%) in this favorable subgroup underwent alloHSCT because of
molecular or hematological relapse.

Overall, these findings suggest a deleterious effect of DNMT3A™"
on NPM1 MRD that should be validated in larger studies.

Discussion

Several studies have been published attempting to elucidate the
prognostic impact of DNMT3A™", but many have had contradictory
results. This may be due to differences in the biological characteris-
tics of the patients included (age, cytogenetics, availability of molec-
ular studies), the treatment protocols, or other factors.3® Of note,
even those studies comparing the impact of DNMT3A™" status
based on NPM1™" and FLT3™" status have shown contradictory
results.’®"”3* The aim of this study was not to analyze the impact
of DNMT3A™" on AML outcomes, but rather to analyze its effect in
the particular subset of patients with NPM1™" and FLT3-ITD, after
the publication of a large study showing that DNMT3A™" have a
deleterious effect on outcomes when cooccurring in this sub-
group.?® Our group described the effect of the FLT3-TD ratio in
2012, and it was incorporated into the new treatment protocol.
Consequently, patients with NPM71™* and FLT3°" did not undergo
alloHSCT in CR1. Therefore, we had a long follow-up in this group
of patients treated following the ELN 2017 recommendations in
which to analyze the possible effect of DNMT3A™™,
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Figure 2. DNMT3A influence over FLT3-ITD allelic ratio subgroups. OS of DNMT3AYT (A,.C) and DNMT3A™" (B,D) patients in different FLT3 subsets.
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Figure 4. NPM1 MRD distribution at relevant clinical time points according to DNMT3A™"" status. (A) NPM1 absolute transcript distribution in logarithmic scale.
(B-G) MRD response, with MRD" and MRD ™ rates (B-D) and corresponding equivalent log10 reductions (E-G) at postinduction (B,E), post-C1 (C,F), and post-C2 (D,G).

In our study, survival analysis showed that DNMT3A™" did not have
an impact in this particular group and that patients with NPM71™"
and FLT3°" had similar outcomes to patients with NPM1™" and
FLT3WT regardless of DNMT3A™" status. However, because an
effect of DNMT3A™" on NPM71 MRD clearance was demonstrated,
we investigated the influence of an early intervention planned in the
treatment protocol when molecular relapse was detected. In the last
few years, several publications analyzing the prognostic value of
MRD follow-up based on NPM1 transcript levels have been pub-
lished. Although there is no consensus regarding the cutoff level or
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evaluation time points, all of them support the prognostic impact of
MRD" persistence, with a higher incidence of relapse and shorter
08.384943 The largest study performed** evaluated the impact of
MRD™ in peripheral blood after the second chemotherapy cycle; it
found the same impact on prognosis as previously reported, but the
authors also reported that MRD persistence was the only indepen-
dent prognostic factor for death in multivariate analysis. The ELN
recommendations®” also state that in AML-NPM1, rising MRD levels
or the failure to achieve MRD™ CR is associated with disease
relapse and consequently advise that a change in therapy should be

PROGNOSTIC IMPACT OF DNMT3A IN AML-NPM1 887

2202 YoIe €0 U 1senB Aq Jpd-9g | ¥000Z0ZAPES80UBADE/0Z9998 L /Z88/E/9/1Pd-0[01E/S9OUEAPEPOO|Q/610°SUonealandyse//:dny woJy papeojumod



DNMT3A influence in FLT3-ITDwt/low patients
A ‘q{LH—-I'_‘ﬁ o
0.8 0.8
I'HH-I-H—I—H—I—I—I—F
s s
£ ] =
S 06 S 06
o w
2 2
= =
Z 04 Z 04
= =
(=) (=)
0.2 0.2
oo p =0.238 00 p = 0.0542
0 20 40 60 80 0 20 40 60 80
0S months molLFS
Number at risk Number at risk
DNMT3Awt 42 30 21 9 0 DNMT3Awt 42 30 19 7 0
DNMT3Amut 35 24 11 2 0 DNMT3Amut 35 18 8 2 0

Figure 5. DNMT3A influence in the favorable FLT3-ITD subgroup. Distribution of patients with FLT3"V" or FLT3"°" according to OS (A) and molLFS (B).

considered. Following the same reasoning, it was recently published
by our group that an MRD ratio (NPM1™"/ABL1X100) of =0.05 (in
bone marrow) after the C1 was associated with significantly lower
molLFS and that an early intervention resulted in a favorable out-
comes.®® Consequently, using the MRD level to guide postremis-
sion therapy can be considered a good strategy.

Interestingly, in the present study, a trend toward worse molLFS was
observed in patients with DNMT3A™", but without an impact on OS.
When only patients in the favorable ELN 2017 risk group were consid-
ered, we found that 27% of patients met either cytological or molecu-
lar relapse criteria. Of those, 70% underwent alloHSCT in CR1
(in molecular relapse) or CR2. As a result, the effect of this strategy
might counteract the negative effect on OS seen in the DNMT3A™"
subgroup. This intervention might be the most important difference
between the treatment protocols for our patients and those included
in the Papaemmanuil et al*® study, which considered alloHSCT only in
patients at high cytogenetic risk, whereas intermediate-risk patients
underwent alloHSCT only when a sibling donor was available.*>*”

Considering these findings, close MRD monitoring in DNMT3A™"
AML-NPM1 patients, along with early intervention strategies when a
molecular relapse is detected, could be an appropriate approach,
with a possible impact on OS.

Patients with DNMT3A™" and FLT3"S" had poorer outcomes than
patients in the favorable ELN group (ie, FLT3"T or FLT3°%). None-
theless, DNMT3A™" status did not seem to affect patients with
FLT3"9" although a deleterious effect of this triple-mutation status
(NPM1™FLTS"S"/ DNMTSA™" vs NPM1™/FLT3""/ DNMT3A")
cannot be definitively excluded because of the small size of the sub-
groups analyzed. These findings may show a dosage effect on the
interaction between FLT3 and DNMT3A™" in AML-NPM?1, highlight-
ing the relevance of considering not only the presence of every single
mutation but also the interaction among them.

In conclusion, patients with NPM7-AML  with FLT3°" and
DNMT3A™ can be classified as favorable risk, but closer MRD
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follow-up is recommended to detect a molecular relapse and pro-
ceed to a therapeutic intervention.
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