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Abstract

Measurable residual disease (MRD) is a powerful prognostic factor in acute myeloid

leukemia (AML). However, pre-treatment molecular predictors of immunophenotypic MRD
clearance remain unclear. We analyzed a dataset of 211 patients with pre-treatment next-
generation sequencing who received induction chemotherapy and had MRD assessed by serial
immunophenotypic monitoring after induction, subsequent therapy, and allogeneic stem cell
transplant (allo-SCT). Induction chemotherapy led to MRD- remission, MRD+ remission, and
persistent disease in 35%, 27%, and 38% of patients, respectively. With subsequent therapy,

34% of patients with MRD+ and 26% of patients with persistent disease converted to MRD-.
Mutations in CEBPA, NRAS, KRAS, and NPM1 predicted high rates of MRD—, while mutations
in 7P53, SF3B1, ASXL1 and RUNX1 and karyotypic abnormalities including inv(3), monosomy
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5 or 7 predicted low rates of MRD-. Patients with fewer individual clones were more likely

to achieve MRD- remission. Among 132 patients who underwent allo-SCT, outcomes were
favorable whether patients achieved early MRD- after induction or later MRD- after subsequent
therapy prior to allo-SCT. As MRD conversion with chemotherapy prior to allo-SCT is rarely
achieved in patients with specific baseline mutational patterns and high clone numbers, upfront
inclusion of these patients into clinical trials should be considered.

Keywords

acute myeloid leukemia; measurable residual disease; minimal residual disease; MRD; flow
cytometry; genetic; bone marrow transplant

Introduction:

Although intensive induction chemotherapy for acute myeloid leukemia (AML) leads
to remission in the majority of patients, relapse rates remain high without subsequent
consolidative chemotherapy or allogeneic stem cell transplant (allo-SCT).1: 2 Relapse
after achieving a morphologic remission can be attributed to a failure to eradicate
residual leukemic cells.3 Measurable residual disease (MRD) describes the presence of
residual leukemic cells which are not detectable by means of conventional morphologic
assessments.* MRD assessment by flow cytometry and/or molecular genetic studies has
been shown to be a powerful prognostic factor in AML, including in the prediction of
relapse and survival following allo-SCT.>11

While AML MRD is highly prognostic for future outcomes, the efficacy of current therapies
in clearing immunophenotypic MRD in specific AML molecular subsets is not well
characterized. One recent study explored the impact of diagnostic genetics in persistence
of post-treatment molecular MRD.12 However, no studies have comprehensively examined
the role of pre-treatment molecular mutations on post-treatment immunophenotypic MRD.
Multiparametric flow cytometry (MFC)-MRD testing remains the most common MRD
detection methodology in AML.1! Despite the increasing use of molecular testing across
multiple AML treatment timepoints, many AML patients do not have mutations amenable
to molecular MRD evaluation. It remains unknown whether pre-treatment mutational
patterns, detected by either bulk or single cell sequencing, can predict the success of
immunophenotypic MRD clearance.

The finding of persistent MRD following induction chemotherapy currently presents the
clinician with a dilemma. It is unclear whether MRD can be eradicated by additional
therapy prior to allo-SCT, or if further pre-transplant therapy would likely be futile with
current approaches. Identification of such predictive biomarkers of MRD clearance would
enable more individualized treatment selection and allow the upfront inclusion of patients
with low likelihood of MRD clearance with standard induction therapy for in clinical

trials. The objective of this study was to identify pre-induction genetic predictors of

MRD clearance following 7+3 induction chemotherapy (7+3) and prior to allo-SCT. We
retrospectively analyzed 211 patients who received 7+3 with serial high sensitivity flow
cytometric immunophenotypic MRD monitoring. We also performed single cell sequencing
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in a subset of patients. Our data show that the presence of specific mutations, cytogenetic
features, and low clone number at diagnosis predicts MRD clearance with chemotherapy.

Methods:

Data source and patient eligibility:

Data were retrospectively collected at Memorial Sloan Kettering Cancer Center (MSKCC).
Al patients with AML per 2016 World Health Organization classification,13 who received
induction chemotherapy with a 7-day continuous infusion of cytarabine and 3 days of an
anthracycline for newly diagnosed AML from 04/2014 to 03/2020, were included in the
initial patient population (Supplemental Figure 1). Of 232 patients who received 7+3, 211
patients with pre-treatment next generation sequencing were included in the final analysis
after exclusion of patients for the following reasons: death during induction therapy prior to
response assessment (N=9), absence of MRD assessment by flow cytometry (N=8), receipt
of lomab-B as investigational pre-allo-SCT conditioning therapy (N=3), and no response
assessment prior to allo-SCT (N=1). The study was approved by the MSKCC institutional
review board.

Response criteria and MRD assessment:

Response to therapy was assessed using the 2017 European LeukemiaNet (ELN) response
criteria modified by the MRD status.1* MRD was assessed by MFC analysis of bone marrow
aspirate (BMA) samples as described previously (for details see Supplemental Methods).1°
Any level of residual disease was considered MRD positive (MRD+). MRD- remission
was defined as complete remission (CR), CR with incomplete count recovery (CRi), or
morphologic leukemia-free state (MLFS) with no evidence of MRD by flow cytometry
(CR/CRI/MLFS MRD-). Response was determined at three clinically relevant timepoints:
(i) best response after completion of 7+3 prior to any other therapy, (ii) temporally closest
response prior to allo-SCT and (iii) best response after allo-SCT before any further line of
therapy (Supplemental Figure 1A). Overall survival (OS) was calculated from cycle 1 day 1
of 7+3 until death or time of last follow-up. OS after allo-SCT was calculated from the day
of cell infusion until death or time of last follow-up.

Cytogenetic and molecular data:

Prior to 7+3 induction therapy, cytogenetic and mutational analyses were performed on
BMA or peripheral blood (Supplemental Figure 1A). If both were available, data from BMA
were used preferentially (for details see Supplemental Methods). 16: 17

Single-cell sequencing

Bone marrow (n=9 patients) or peripheral blood samples (n=2) from a selected subset of
11 patients with different rates and kinetics of MRD clearance over time were subjected

to single-cell DNA sequencing using previously described processing and analysis methods
(Supplemental Methods).18
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Statistical analysis:

Results:

Categorical patient characteristics were summarized by frequency. Associations between
patient characteristics, allo-SCT characteristics and responses after induction and prior

to allo-SCT were evaluated by Fisher’s exact test. T-test with unequal variances was

used to compare continuous single-cell features between groups of response. Associations
between cytogenetic abnormalities, molecular predictors and the response after induction
chemotherapy were tested by Fisher’s exact test and odds ratios with 95% confidence
intervals (Cls) were estimated by fitting logistic regression.

To explore these associations in multivariable model, a forward stepwise logistic regression
with Bayesian Information Criterion (BIC) selection was applied to the data.

Kaplan-Meier survival analysis was used to estimate time to event outcomes such as OS,
time to MRD clearance, loss of MRD- and relapse.

Patients who died or received allo-SCT before achieving remission were censored at the date
of earliest event. Among patients achieving CR/CRi/MLFS MRD- response, time to loss

of MRD- was defined as time from disease assessment until morphologic relapse, MRD+
or death; patients without any of these events were censored on date of last follow-up.
Similarly, among patients achieving a CR/CRi/MLFS response, time to loss of response
was defined as time from disease assessment until morphologic relapse, or death; patients
without any of these events were censored on date of last follow-up. Estimated median
follow-up was calculated using the reverse Kaplan-Meier method. Associations with clinical
predictors are evaluated by log-rank test and effects were estimated using univariate Cox
proportional hazard model and presented as hazard ratios with 95% confidence intervals.
Statistical significance was defined using a two-sided significance level at 0.05. All
statistical analyses were using R version 3.6.1.

Patient and treatment characteristics:

Patient and treatment characteristics for all 211 patients are detailed in Supplemental Table
4. Transplant characteristics of patients who received a subsequent allo-SCT are shown in
Supplemental Table 5. Patients were categorized by their MRD response after 7+3 and prior
to allo-SCT, respectively. There were 136 (64%) patients with de novo AML and 75 (36%)
patients with secondary AML (defined as therapy-related AML, AML with myelodysplasia-
related changes [AML-MRC], and AML arising from a prior myeloproliferative neoplasm
[MPN1)13 (Supplemental Table 4). After completion of 7+3, a total of 69 (33%) patients
received consolidation therapy (45 patients proceeded to allo-SCT after consolidation),
whereas 95 (45%) patients required intensive re-induction for persistent disease or salvage
therapy for relapsed disease (51 patients proceeded to allo-SCT); 36 (17%) patients
proceeded directly to allo-SCT. Supplemental Figure 1B provides an overview of patient
selection and treatment allocation.

A total of 132 patients (62%) underwent allo-SCT (Supplemental Table 5). Patients received
allo-SCT from a matched related, matched unrelated, or alternative donor in 25%, 52%, and
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23% of cases, respectively. A plurality of patients received an unmodified peripheral blood
stem cell (PBSC) transplant (40%), whereas 34%, 11% and 15% received a CD34 selected
PBSC, a bone marrow or a double umbilical cord blood stem cell transplant. Conditioning
intensity was myeloablative, reduced intensity (RIC), and non-myeloablative in 56%, 43%
and 1% of patients, respectively.

MRD is cleared both early after induction chemotherapy and later with additional
antileukemic therapy prior to allo-SCT:

Induction chemotherapy resulted in MRD- remission, MRD+ remission, and persistent
disease in 73 (35%), 58 (27%), and 80 (38%) of all patients, respectively (Supplemental
Figure 1B+C). We first evaluated baseline disease and patient characteristics associated with
MRD clearance (Supplementary Table 5). Compared to patients with MRD+ remission

or persistent disease, patients who achieved an MRD- remission with 7+3 induction
chemotherapy were more likely to be younger than 60 years old (MRD-: 68%; MRD+:
34%, p=0.001; persistent disease: 45%, p=0.03), to have de novo AML (MRD- 78%;
MRD+: 59%, p=0.02; persistent disease: 56%, p=0.006) and to have ELN favorable disease
(MRD-: 49%; MRD-: 21%, p=0.002; persistent disease: 4%, p<0.001) 14,

We analyzed whether MRD response after induction chemotherapy added prognostic
significance beyond baseline ELN 2017 molecular risk on overall survival (OS) after
induction chemotherapy (Supplemental Figure 2). We observed that MFC-MRD status
after induction chemotherapy added prognostic significance beyond baseline ELN 2017
molecular risk profile for ELN favorable risk (p< 0.001; Supplemental Figure 2A).

While there was a trend towards improved OS for patients with ELN adverse risk who
achieved MRD- after induction chemotherapy, it was not statistically significant (p=0.16;
Supplemental Figure 2C). In patients with ELN intermediate risk, achievement of MRD—-
with induction chemotherapy did not seem to improve survival (p=0.77; Supplemental
Figure 2B). We also analyzed the prognostic impact of MRD for patients who have
achieved a morphological response of CR, CRi and MLFS separately. We found a clear
statistically significant prognostic impact of MRD for patients who achieved CR after
induction chemotherapy (p=0.0021). While we observed the same trend for the prognostic
impact of MRD in the setting of CRi and MLFS, it did not reach statistical significance,
possibly due to smaller numbers of patients with these responses (p=0.26 and p=0.28)
(Supplemental Figure 3).

The subsequent clinical course and clinical outcomes of all patients based on MRD response
after 7+3 is summarized in Supplemental Figure 1A+B and Supplemental Figure 4. Of

73 patients with MRD~- remission post induction chemotherapy, 21 patients proceeded to
allo-SCT directly without further therapy, whereas 52 patients received further therapy with
27 of these patients ultimately receiving an allo-SCT (Supplemental Figure 1B). Of 58
patients with MRD+ remission after induction chemotherapy, 14 patients proceeded directly
to allo-SCT, whereas 44 patients received further therapy and 28 of these subsequently
proceeded to allo-SCT. Of 80 patients with persistent disease after induction chemotherapy,
2 patients directly underwent allo-SCT whereas 78 patients received further therapy and 40
of these subsequently proceeded to allo-SCT.

Am J Hematol. Author manuscript; available in PMC 2024 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stahl et al.

Page 7

In the cohort of 132 patients who received allo-SCT, 45 (34%) patients achieved MRD-
remission early on after completion of 7+3 induction chemotherapy, whereas 27 (21%)
patients had either persistent disease or MRD+ remission post-induction but subsequently
achieved MRD- remission prior to allo-SCT (Supplemental Figure 1B+D). Of the 27
patients who were converted to MRD- prior to allo-SCT, 14 (52%) and 13 (48%) were
converted from MRD+ and persistent disease after induction chemotherapy. For patients
converted from MRD+ to MRD- remission, conversion to MRD- was mainly achieved
with consolidation therapy (75%) and less frequently with intensive reinduction (10%), non-
intensive therapy (10%) and maintenance therapy (5%). In patients converted from persistent
disease to MRD- remission, conversion to MRD— was achieved with intensive reinduction,
consolidation, and non-intensive therapy in 60%, 25%, and 15% of patients, respectively. In
contrast, 15 (11%) and 45 (34%) patients underwent allo-SCT with persistent AML or in
MRD+ remission, respectively.

There were statistically significant differences in terms of graft and donor source between
patients who underwent allo-SCT by MRD response status (Supplemental Table 5). Patients
with persistent disease were more likely to have received an unmodified PBSC graft and

to have had a matched unrelated donor than patients with MRD—- or MRD+ remission.
Conditioning regimen intensity was similar across disease status categories.

Rates of early MRD clearance after induction chemotherapy depend on pre-treatment
cytogenetic and molecular characteristics:

We first asked which pre-treatment cytogenetic and genetic characteristics predict an early
MRD- remission after 7+3. In the oncoprint shown in Figure 1 pre-treatment cytogenetic
and molecular features are sorted based on the lowest to highest rate of MRD clearance after
induction chemotherapy. Supplemental Table 6 shows MRD response rates and odds ratios
for achieving MRD- remission after induction chemotherapy for each molecular feature.

Among cytogenetic abnormalities, we observed that all patients with core-binding factor
(CBF) leukemia (i.e., t(8;21)(q22;922) or inv(16)(p13722)/t(16;16)(p13;q22)) achieved an
MRD- remission with 7+3. Conversely, none of the patients with inv(3)/t(3:3), monosomy
5/del(5q), or monosomy 7/del(7q) achieved MRD- remission.

All patients with biallelic CEBPA mutations achieved MRD- remission (MRD- remission:
100%, OR for MRD- remission: NA; p=0.0001). In addition, mutations in NRAS (MRD-
remission: 58%, OR for MRD- remission: 3.01 [95% ClI: 1.29-6.97]; p=0.014) and KRAS
(70%; OR: 4.78 [95% CI: 1.2-19.12]; p=0.034) predicted high rates of MRD~- remission
after 7+3. In contrast, none of the patients (0/13) with 7P53 mutations achieved MRD-
remission after induction chemotherapy (p=0.005). Furthermore, mutations in RUNXZ
(13%, OR: 0.11 [95% CI: 0.03-0.47], p<0.001), SF3B1 (7%, OR: 0.12 [95% CI: 0.02-0.95],
p=0.021), ASXL1(11%; OR: 0.21 [95% CI: 0.05-0.95]; p=0.036) and DNMT3A (20%, OR
0.38 [95% CI: 0.18-0.80]; p=0.011) predicted low rates of MRD clearance after 7+3.

Stepwise logistic regression on a set of genes with a frequency of >5% and cytogenetic
abnormalities as predictors of MRD clearance showed that CBF as well as mutations in
CEBPA, NRAS, NPM1 were statistically significant predictors of MRD clearance with 7+3.
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Conversely, mutations in 7P53, RUNX1 and DNMT3A remained statistically significant
predictors of failure to clear MRD with 7+3 induction (Supplemental Figure 5).

Presence of mutations in TP53 and SF3B1 pre-treatment predict failure of MRD conversion
prior to allo-SCT:

We next asked whether baseline molecular predictors were also able to predict a failure

of MRD conversion prior to allo-SCT even if additional therapy was administered. In the
oncoprint shown in Figure 2 cytogenetic and molecular features are sorted based on the
lowest to highest MRD clearance rate prior to allo-SCT. Supplemental Table 7 shows MRD
response rates and odds ratios for achieving MRD- remission prior to allo-SCT for each
molecular feature.

While all patients with CBF leukemia achieved MRD- remission prior to transplant, no
patients with mutations in 7P53 or SF3B1 achieved an MRD- remission prior to allo-SCT
despite induction and post-induction therapy including consolidation and salvage therapy.
In a multivariable model with stepwise logistic regression, mutations in KRAS remained
statistically significantly associated with higher rates of MRD clearance rates prior to allo-
SCT, while mutations in 7P53and SF3B1 remained statistically significant predictors of
lower rates of MRD clearance rates prior to allo-SCT.

Clonal diversity prior to treatment impacts MRD clearance with induction chemotherapy:

Lastly, we studied whether clonal diversity as assessed on a single cell level could provide
additional predictive information regarding MRD clearance after 7+3 and prior to allo-SCT.
We selected a group of 11 patients based on differences in MRD clearance over time
including patients with early and durable MRD clearance as well as patients who failed

to clear MRD or initially cleared MRD but then quickly relapsed. We then used single

cell sequencing to assess clonal diversity as estimated by the number of individual clones
prior to starting 7+3 and tracked the patients MRD clearance pattern over time. Clones
were defined as cells with identical protein-encoding single-nucleotide variants and a
bootstrapping approach was applied to identify clones that included at least ten cells. Figure
3A shows a swimmer plot of these 11 patients.

Patients who achieved MRD- remission after 7+3 had a lower number of clones (mean:
3.33; SD: 0.58) compared to patients with MRD+ remission (mean: 17.0; SD: 1.41;p =
0.03) or persistent disease (mean: 12.2; SD: 6.43; p = 0.02) (Figure 3B).

Similar associations were found between clonal diversity as assessed by number of clones

at time of diagnosis and MRD clearance prior to allo-SCT. Patients who achieved MRD-
remission early after 7+3 had a significantly lower number of clones (mean: 3.33; SD:

0.58 vs. mean: 19.5; SD: 2.12; p = 0.05) compared to patients with residual MRD prior to
allo-SCT (Figure 3C). Importantly, the number of mutations at diagnosis was not statistically
significantly different between patients who cleared MRD with 7+3 compared to patients
with MRD+ or persistent disease (Supplemental Figure 6A). Similarly, the number of
mutations was not statistically significantly different between patients with MRD- and
MRD-+/persistent disease prior to allo-SCT (Supplemental Figure 6B).
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The clonal repertoires of three representative cases including one patient with lower clonal
diversity (MSK 88) who cleared MRD, another patient (MSK 121) who initially cleared
MRD but eventually relapsed, and one patient with higher clonal diversity (MSK 5) who
never cleared MRD are shown in Figure 3D-F. MSK 88 who achieved MRD- immediately
after 7+3 had fewer and mutationally less complex clones (Figure 3D) compared to MSK
121 (Figure 3E) and MSK 5 (Figure 3F).

Lastly, we used a Markov decision process with reinforcement learning to generate
evolutionary trajectories to delineate the sequence of somatic genetic events during
myeloid transformation. Patient MSK 5 demonstrated complex evolutionary trajectories,
with progressive clonal dominance and subsequent subclonal propagation (Supplemental
Figure 6C).

Allo-SCT leads to high rates of MRD clearance, however the durability of MRD- remission
after allo-SCT is dependent on MRD status prior to allo-SCT:

We observed high rates of MRD- remission following allo-SCT (111 [84%] patients) with
only 2% and 10% of patients showing persistent disease or MRD+ remission at time

of first disease status assessment after allo-SCT, respectively. By the first post-transplant
BMA at a median of 33 days, 35 out of 46 (76%) and 8 out of 15 patients (53%) who
entered transplant with MRD+ remission or persistent AML, respectively, had cleared MRD
(Figure 4A). The median duration of MRD- remission after allo-SCT was not reached for
patients with MRD- remission after 7+3 or who converted to MRD- remission prior to
allo-SCT (not statistically different from MRD- remission after 7+3 induction, HR: 1.40;
95% CI: 0.44-4.42; p=0.57). Despite high rates of initial MRD clearance with allo-SCT,
the durability of MRD- after allo-SCT was significantly shorter for patients with MRD+
(median duration of MRD-: 35.5 months; HR: 2.70; 95% CI:1.09-6.63; p=0.03) and
persistent disease (median duration of MRD-: 8.1 months; HR: 7.88; 95% ClI: 2.67-23.06;
p<0.001) compared to patients with MRD- remission after 7+3 induction (Figure 4B).

Post-transplant outcomes are similar for patients who clear MRD early after induction
chemotherapy or later with additional therapy prior to allo-SCT:

The clinical course following allo-SCT and outcomes for all patients based on their MRD
response prior to allo-SCT is summarized in Supplemental Figure 4B. At a median follow
up of 29.9 months, median OS was not reached for patients who achieved early MRD—-
after 7+3 induction and patients who converted from MRD+ remission to MRD- remission
later (with additional therapy but prior to allo-SCT). Both early MRD clearance and MRD
conversion later were associated with statistically significantly (p<0.001) improved OS
compared with patients who continued to have MRD+ (median OS: 36.6 months [95%
Cl: 18.8 months — not reached]) or persistent disease (median OS: 11.8 months [95%

Cl: 8.8 months — not reached]) prior to allo-SCT (Figure 4C). Similar associations were
observed for cumulative relapse rates, which were significantly higher for patients with
MRD+ remission (HR: 3.15 [95% CI: 1.3-7.63]; p=0.01) or persistent disease (HR: 7.07
[95% CI: 2.66-18.9]; p<0.001) compared to patients with MRD- remission (Figure 4D).
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We also analyzed whether MRD response pre-allo-SCT added prognostic significance
beyond baseline ELN 2017 molecular risk on overall survival (OS) after allo-SCT
(Supplemental Figure 7). Similar to MRD status after induction chemotherapy, we observed
that MRD status pre-allo-SCT added prognostic significance beyond baseline ELN 2017
molecular risk profile for ELN favorable risk (p = 0.02; Supplemental Figure 7A). While
there was a trend towards improved OS for patients with ELN adverse risk who achieved
MRD- pre-allo-SCT, it was not statistically significant (p=0.077; Supplemental Figure 7C).
In patients with ELN intermediate risk, achievement of MRD- with induction chemotherapy
did not seem to improve survival (p=0.46; Supplemental Figure 7B). Lastly, we found that
MRD had a statistically significant prognostic impact in patients who achieved CR pre
allo-SCT (p = 0.042), whereas in patients who achieved a CRi or MLFS pre allo-SCT, MRD
status did not result in statistically significant differences in post allo-SCT OS (p = 0.33 and
p = 0.077) with the caveat that only a small number of patients was examined for each of the
morphologic responses (Supplemental Figure 8).

Discussion:

Using a robustly annotated dataset of 211 AML patients who all received intensive induction
chemotherapy in the frontline setting and were serially monitored for MRD by highly
sensitive MFC, we not only confirm the prognostic importance of MRD in AML but show
several novel findings: (i) specific cytogenetic and mutational patterns as well as clonal
diversity assessed prior to treatment start can predict the likelihood of MRD clearance with
chemotherapy (ii) early and late conversion to an MRD~- response prior to allo-SCT lead

to similar post-allo-SCT outcomes. Notably, MRD conversion with chemotherapy prior to
allo-SCT is rarely achieved in specific molecularly defined subsets of AML.

Given the well-documented prognostic impact of MRD status at various timepoints during
the treatment course, 8 11 19-21 ynderstanding pre-treatment genetic predictors of MRD
clearance at the time of diagnosis can potentially guide treatment selection. While patients
who are likely to achieve MRD clearance early on with chemotherapy alone should be
treated with standard of care chemotherapy, patients who are highly unlikely to achieve
MRD clearance should be prioritized for clinical trials. In our cohort, a combination of
pre-treatment cytogenetic abnormalities, genetic mutations, and measures of clonal diversity
identified patients who are very likely vs. highly unlikely to achieve MRD clearance

after induction chemotherapy and prior to allo-SCT. As expected, CBF chromosomal
translocations and mutations in CEBPA and NPM predicted high MRD clearance with

7+3 induction chemotherapy. Interestingly, RAS mutations predicted high MRD clearance
rates with induction chemotherapy which is in contrast to what has been observed with
venetoclax based therapy, arguing for the use of chemotherapy in AML patients with RAS
pathway mutations.22 Conversely, no AML patients with inv(3)/t(3:3), monosomy 5/del(5q),
monosomy 7/del(7q) and with mutations in 7P53(0/13) and only 1/15 patients with a
mutation in SF3B1 cleared MRD following induction chemotherapy. Strikingly, no AML
patients with mutations in 7P53 or SF3B1 were able to clear MRD prior to allo-SCT even
when further consolidation and/or salvage chemotherapy was administered.
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Our data also show that patients with higher clonal diversity pre-treatment as assessed

by the number of individual clones had lower MRD~- response rates with chemotherapy.
Importantly, clonal diversity was defined at single cell resolution. In contrast, simple
estimation of clonal diversity by number of mutations, which can easily be done by bulk
sequencing, failed to predict MRD clearance with induction chemotherapy. Clonal diversity
has not been previously associated with the likelihood of AML MRD clearance, and our
data show that clonal complexity may serve as a novel predictor of clinical response to
chemotherapy at the level of MRD.

As shown in prior studies, MRD- remission prior to allo-SCT was associated with reduced
rates of relapse and improved OS post allo-SCT®: 23, Qur study adds the critical and

novel information that outcomes following allo-SCT were comparable for patients who
achieved an early MRD- remission following induction therapy and patients who converted
to MRD-negativity after additional post-induction therapy. Thus, the finding of MRD
positivity immediately following induction chemotherapy does not necessarily portend a
poor prognosis if MRD—negativity can be achieved following additional therapy prior to
allo-SCT. Patients who achieved MRD-negativity following additional therapy prior to
allo-SCT had no difference in duration of post-transplant MRD—negativity, relapse rate or
survival after allo-SCT compared to patients who achieved MRD~- directly after 7+3.

Given the favorable post-transplant outcomes we observed in patients with later achievement
of MRD- prior to allo-SCT, our results emphasize that eradication of MRD prior to
allo-SCT should be an important therapeutic goal. However, our findings also suggest

that patients with specific pre-treatment highly adverse molecular features (inv(3), 7P53,
SF3B1) are unlikely to benefit from standard chemotherapy to convert MRD+ to MRD-.
While some of these patients might achieve a morphologic remission, an MRD- remission
is rarely achieved. Early inclusion in clinical trials may be the best option for MRD+
patients with these adverse baseline molecular features. Whether an alternative induction
strategy with venetoclax-based combinations in patients with high molecular risk AML
could be more successful in clearing MRD requires further study. One recent report found
high rates of MRD clearance with combination fludarabine, cytarabine, granulocyte colony-
stimulating factor, and idarubicin + venetoclax.2* However, current venetoclax combinations
may still not clear AML MRD with specific adverse molecular profiles such as mutations

in splicing factors and 7P53.22: 25.26 Encouraging preliminary results in patients with

MDS and oligoblastic AML including those with 7253 mutations have been reported for

the combination of the anti-CD47 antibody magrolimab in combination with azacitidine.2”
Targeting splicing factor mutations such as SF3B1 has remained challenging in AML

and MDS with limited efficacy seen in clinical trials with splicing inhibitors such as
H3B-8800.28

A major challenge to the routine use of MRD in treatment selection in AML is the
variability of MRD assessment techniques and detection thresholds.2? Efforts to standardize
and improve technologies for MRD assessment by both flow cytometry and NGS are
ongoing.% 1. 29,30 Oyr study includes the use of highly sensitive and standardized MFC

to assess for MRD assessment. While a study by Murdock et al has presented data on
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molecularly defined MRD2, MFC remains the standard method for MRD assessment for
most AML patients in current clinical practice in the United States.

Interestingly, we observed that MRD status as defined by MFC after induction
chemotherapy and pre-allo-SCT added prognostic significance beyond baseline ELN 2017
molecular risk profile for patients with ELN favorable risk disease. While there seemed

to be a trend towards improved survival for patients with ELN adverse risk AML who
achieved MRD- after induction chemotherapy and prior to allo-SCT, it did not reach
statistical significance. For patients with ELN intermediate risk disease, we did not observe
a significant difference in survival outcomes between patients achieving MRD- vs. those
who remained MRD+. We note that the lack of statistically significant association between
MRD status and survival in ELN intermediate and adverse risk groups may be due to smaller
sample sizes which limit statistical power.

Our finding that MFC MRD status adds prognostic information in AML ELN favorable
risk patients is partly in contrast to the findings of Murdock et al, who recently showed
that molecular MRD status by NGS did not add prognostic significance beyond baseline
molecular risk profile.12 Notably, 51% of the AML patient population in our study were
younger adults <60 years old, while all patients in Murdock et al were older adults age 60
and above. Apart from differences in patient and transplant characteristics between those
two studies, there are also inherent differences in the methods of MRD assessment in both
studies (MFC in our study vs. NGS mutational analysis in the study by Murdock et al).
Larger studies are needed to determine how to best incorporate baseline molecular risk and
post treatment MRD by both MFC and NGS mutational analysis into a comprehensive risk
assessment for patients with AML.

Strengths of our manuscript include the large, well-annotated patient cohort uniformly
treated initially with intensive induction chemotherapy, required availability of baseline
NGS, and comprehensive clinical and MFC MRD data collected longitudinally at various
time points across the treatment course. We note that the retrospective and single-center
design of this study could limit the generalizability of our results. Single cell sequencing
analysis was also only available for a relatively small subset of patients. Future single-cell
sequencing studies with larger sample sizes are necessary to validate the association of
clonal diversity with resistance to MRD eradication.

In conclusion, we found that specific molecular features including cytogenetic
abnormalities, genetic mutations, and clone numbers prior to induction chemotherapy are
powerful predictors of AML MRD clearance. We also observed that early or late conversion
to MRD- prior to allo-SCT is associated with favorable post-allo-SCT outcomes. Our data
argue for future strategies tailored to patients with adverse molecular features and high
clonal diversity who are currently unlikely to achieve AML MRD clearance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Cytogenetic and genetic predictors of MRD- response after induction chemotherapy
Univariate analyses of pre-treatment genetic predictors of achieving MRD- CR/CRi/MLFS

after 7+3 induction chemotherapy. Each column and row denote an individual patient and
gene/cytogenetic abnormality, respectively. MRD response are shown in the top rows. Genes
and cytogenetic abnormalities are each are ordered by odds ratio (OR) of achieving an
MRD- CR/CRIi/MLFS from lowest to highest. Patients who had at least one mutation in the
19 most commonly mutated genes covered in all sequencing platforms are displayed.
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prior to allo-SCT. Each column and row denote an individual patient and gene/cytogenetic
abnormality, respectively. MRD response are shown in the top rows. Genes and cytogenetic
abnormalities are each are ordered by odds ratio (OR) of achieving an MRD- CR/CRI/
MLFS from lowest to highest. Patients who had at least one mutation in the 19 most
commonly mutated genes covered in all sequencing platforms are displayed.
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Figure 3: Impact of clonal diversity on MRD response on the single cell level
(A) Swimmer’s plot showing clonal diversity as estimated by the number of individual

clones prior to starting 7+3 (as assessed by single cell analysis) and tracking MRD clearance
with treatment over time. Patients are ordered by number of individual clones lowest to
highest.

(B-C) Impact of clonal diversity as assessed by the number of individual clones at time of
diagnosis on MRD clearance. (B) MRD clearance rates (based on pre-treatment number of
individual clones) with induction chemotherapy including patients with MRD-, MRD+ and
persistent disease after induction chemo. (C) MRD clearance rates (based on pre-treatment
number of individual clones) prior to allo-SCT including patients with early MRD- after
induction chemo, converted MRD- after additional therapy and MRD+ disease pre allo-
SCT.

(E-F) Representative clonal repertoire for a patient with low clonal diversity (E: MSK 88) in
contrast to two patients with high clonal diversity (F: MSK 5 and G: MSK121), respectively.
The top panel shows the number of cells (mean + 95% confidence intervals (Cl)) identified
with a given genotype and ranked by decreasing frequency. The bottom panel shows a heat
map indicates mutation zygosity for each clone.
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(A) MRD response post allo-SCT based on MRD response achieved pre allo-SCT. (B)
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