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eMethods

Clinical cohort

This cohort study included patients aged >18 from the Pre-MEASURE study’ who received
alloHCT for FLT3-ITD mutated AML during CR1 at Center for International Blood and Bone
Marrow Transplant Research (CIBMTR) reporting sites in the US between 2013-2019. Patients
provided written informed consent for participation in the National Marrow Donor Program
institutional review board-approved CIBMTR database (NCT01166009) and repository
(NCT04920474) protocols. Research was performed in compliance with all applicable federal
regulations pertaining to the protection of human research participants and with approval of the
CIBMTR observational research group. STROBE reporting guidelines were followed. Race and
ethnicity data were collected by CIBMTR as pre-transplant essential data and were based on
patient self-report extracted from the medical record by transplant center data managers in
categories based on the US Office of Management and Budget’s Revisions to the Standards for

the Classification of Federal Data on Race and Ethnicity.

Samples and DNA Isolation

Post-transplant, pre-conditioning baseline whole blood samples from FLT3-ITD mutated AML
patients from the Pre-MEASURE study were collected within 100 days prior to transplant and
high-quality genomic DNA (gDNA) extracted as previously described.! Patients were eligible for
re-analysis in this study if they had at least 700ng of gDNA remaining and DNA concentration

>20ng/uL.

FLT3-ITD targeted next-generation sequencing (NGS)
FLT3-ITD mutations were detected using the Invivoscribe FLT3-ITD MRD assay (Invivoscribe

Inc., San Diego, CA) following manufacturer’s instructions. In short, 700ng of gDNA was amplified



by polymerase chain reaction on a Mastercycler X50a (Eppendorf AG, Hamburg, Germany) using
oligonucleotides designed with lllumina adapters containing unique molecular indices targeting
the exon 14/15 region of the FLT3 gene. Following PCR amplification, the PCR products were
subjected to two rounds of cleanup using Ampure XP reagent (Beckman Coulter Inc., Brea, CA)
on a Zephyr G3 NGS Workstation (PerkinElmer Health Sciences, Inc., Shelton, CT). Samples
were processed in batches of 24, including 21 patient samples, a positive control, a negative
control, and a no-template control (NTC). Resulting libraries were subjected to quality control
evaluation using the D1000 screentape assay on the Tapestation 4200 instrument (Agilent
Technologies). A run passed if patient samples and positive/negative controls had peaks between

200-1000bp with a concentration >1.0 ng/uL and <1.0ng/uL for NTC.

Equal molar quantities of each library were pooled and subjected to paired-end 300-bp
sequencing on the MiSeq instrument (llumina). A sequencing run passed if the MiSeq™ Cluster
Density was 2500 K/mm?, the total MiSeq™ Run Q30 Score was 260%, and at least 10 million

MiSeq™ reads passed filter.

Data analysis was performed on demultiplexed FASTQ files using the FLT3 ITD MRD v1.2
Software (Invivoscribe, Inc.) using the NIH HPC Biowulf cluster (http://hpc.nih.gov). If the positive
control, negative control, or NTC samples did not pass, the protocol was repeated from the
beginning for all samples. If any sample was not evaluable, the protocol was repeated from the

beginning for that sample.

For assay validation, 21 competency standards were created by Invivoscribe, Inc. consisting of
serial dilutions of FLT3-ITD cell lines and patient sample positive controls with a size range of
ITDs ranging from 30bp to 171bp and targeted variant allele fractions (VAFs) ranging from 5% to

0.0001%. Competency standards were analyzed in singlet at both the National Institutes of Health



laboratory and the Invivoscribe, Inc. laboratory. All samples above the validated LOD of 0.005%

VAF were confirmed by both laboratories, with highly consistent results (eFigure 1).

Duplex Sequencing

For the 48 patients that tested negative using the Invivoscribe FLT3-ITD MRD assay but
experienced relapse within the first year after transplant and did not have a detectable NPM1
mutation using the previously published anchored multiplex PCR (AMP) NGS assay’, targeted
NGS was performed on pre-transplant blood DNA utilizing a custom error-corrected duplex
sequencing assay (TwinStrand Biosciences, Inc., Seattle, WA) targeting 15 AML-associated
genes (eTable 4). Briefly, 500ng gDNA was enzymatically fragmented. End repair, A-tailing and
DuplexSeq™ adapter ligation were performed prior to library conditioning with a cocktail of
glycosylases to remove damaged DNA molecules prior to amplification. Following indexing PCR,
libraries were hybridized with biotinylated 120-mer DNA probes and purified with streptavidin
magnetic beads. Following washes additional PCR was performed, followed by another round of
hybridization, capture, washes, and final PCR. Libraries were generated using pre- and post-PCR
separation on the Sciclone G3 NGS workstation and Zephyr G3 NGS workstation (PerkinElmer

Health Sciences, Inc., Shelton, CT).

The resulting libraries were subjected to paired-end 150-bp sequencing on a NovaSeq 6000
(Numina, San Diego, CA), according to manufacturer’s instructions. Libraries were pooled for

sequencing such that each sample had a unique dual index.

Raw sequencing FASTQ files were analyzed using the TwinStrand DuplexSeq™ FASTQ to VCF
Parallel App version 4.1.0 per manufacturer instructions. Resulting variant calls with a VAF >
0.01% were filtered to identify residual variants predicted to have a deleterious variant

consequence. Remaining variants underwent manual curation to confirm pathogenicity.



Statistical Analysis

Overall survival and cumulative incidence of relapse with non-relapse mortality as a competing
risk were considered as the primary endpoints. The follow-up time was collected with day of
transplant as time 0. The day from sample collection to transplant date was also collected when
available for an alternative starting time. Median follow-up time was calculated for censored
patients. Kaplan-Meier estimation and log rank tests were used to calculate overall survival and
relapse-free survival endpoints. Cox proportional hazards models were fitted, with forward
selection for variable selection, and the proportional hazards assumptions were validated. Fine-
Gray regression models were used to examine the cumulative incidence of relapse with transplant
related mortality as a competing risk, and Bayesian information criterion (BIC) was used for model
selection. The interactions between NGS MRD and clinical characteristics including age and
conditioning intensity were included in the stepwise selection process and significant results will
be reported if any. Statistical significance was defined as p-value < 0.05. Receiver operator curve
was used to identify the best FLT3-ITD VAF on relapse prediction by month post-transplant, and

the threshold was defined using Youden’s statistic.

Data Availability
FASTQ files are available in the NCBI Sequence Read Archive (SRA) (Accession:

PRJNA1021545).



eFigure 1. Validation of the Invivoscribe FLT3-ITD MRD assay. (A) Samples, FLT3-ITD size (bp),
expected variant allele fraction (VAF), observed variant read frequency (VRF), and FLT3-ITD MRD result for
competency standards as evaluated at the Invivoscribe and National Institutes of Health (NIH) laboratories. (B)
Graphical comparison of VRF of FLT3-ITD variants as detected the Invivoscribe and NIH laboratories for competency
standards. The Pearson correlation is shown in the graph inset and a value of equivalence line displayed as a dashed

line.
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Cell Line 30bp Insert 5.00E-02 4.16E-02 30 Positive 3.59E-02 30 Positive

Cell Line 30bp Insert 5.00E-03 4.10E-03 30 Positive 3.50E-03 30 Positive

Cell Line 30bp Insert 5.00E-04 3.80E-04 30 Positive 3.65E-04 30 Positive
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Cell Line 30bp Insert 1.00E-06 Not Detected |Not Detected | Not Detected | Not Detected | Not Detected | Not Detected
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Clinical Positive 42bp Insert 1.00E-06 Not Detected |Not Detected | Not Detected | Not Detected | Not Detected | Not Detected
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eFigure 2. Patient selection flow chart.
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70  Remaining DNA <20ng/uL
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measurable residual disease using Invivoscribe FLT3-

ITD MRD assay

4’| 1 Excluded due to library failure

537 Analysis of clinical outcomes based on pre-

transplant FLT3-ITD measurable residual disease by

next-generation sequencing




eFigure 3. Baseline characteristics for FLT3-ITD mutated AML patients and the association

with clinical outcomes after allogeneic hematopoietic cell transplant. Cumulative incidence of
non-relapse mortality (NRM, top left) and relapse (top right), relapse-free survival (RFS, bottom left) and overall survival
(OS, bottom right) shown at 36 months based on baseline patient characteristics (A) overall and (B) sited-reported
MRD status by flow cytometry. Point estimates at different time points are shown in the table (far right). Overall P
values: Gray'’s test for non-relapse mortality (NRM) and relapse; log-rank test for relapse-free survival (RFS) and overall
survival (OS). Confidence interval, Cl; Probability, prob; Month, mo; Year, yr.
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eFigure 4. FLT3-ITD residual disease burden levels as detected by multiple next generation

sequencing assays. Maximum variant allele fraction (VAF) of FLT3-ITD variants per AML patient in pre-transplant

blood as detected by Invivoscribe (IVS) or anchored multiplex PCR (AMP) targeted next generation sequencing (NGS)
measurable residual disease (MRD) assays.
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eFigure 5. FLT3-ITD MRD status for FLT3-ITD mutated AML patients and the association

with clinical outcomes after allogeneic hematopoietic cell transplant. Cumulative incidence of
non-relapse mortality (NRM, top left) and relapse (top right), relapse-free survival (RFS, bottom left) and overall survival
(OS, bottom right) shown at 36 months (A) comparison of Invivoscribe (IVS) and anchored multiplex PCR (AMP) assays
with VAF>0.01% as MRD positive; (B) all IVS detected variants as MRD positive; (C) IVS with VAF>0.005% (limit of
detection of the assay) as MRD positive. Point estimates at different time points are shown in the table (far right).
Overall P values: Gray'’s test for non-relapse mortality (NRM) and relapse; log-rank test for relapse-free survival (RFS)

and overall survival (OS). Confidence interval, CI; Probability, prob; Month, mo; Year, yr.
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eFigure 6. FLT3-ITD MRD status by different variant allele fraction (VAF) groups for FLT3-
ITD mutated AML patients and the association with clinical outcomes after allogeneic

hematopoietic cell transplant. For clinical outcomes in (A) Invivoscribe (IVS) detected FLT3-ITD variants by
VAF group, and (E) IVS detected FLT3-ITD variants by VAF group and conditioning intensity, cumulative incidence of
non-relapse mortality (NRM, top left) and relapse (top right), relapse-free survival (RFS, bottom left) and overall survival
(OS, bottom right) shown at 36 months. Point estimates at different time points are shown in the table (far right). Overall
P values: Gray’s test for non-relapse mortality (NRM) and relapse; log-rank test for relapse-free survival (RFS) and
overall survival (OS). (B) Positive predictive value (PPV) and sensitivity of FLT3-ITD variant positivity pre-transplant
(divided by VAF group) for predicting relapse by month post-alloHCT. (C) Receiver operator curve analysis of FLT3-
ITD VAF on relapse prediction by month post-alloHCT. At the clinically-relevant 3 month post-alloHCT timepoint, a VAF
threshold of 0.0069% was able to best classify relapsing patients with an accuracy of 85%. (D) IVS FLT3-ITD VAF
subdivided by conditioning regimen (with relapse outcomes depicted (relapse, red; no relapse, grey). Confidence
interval, Cl; Probability, prob; Month, mo; Year, yr; Reduced intensity conditioning without melphalan, RIC; Reduced
intensity conditioning with melphalan, Mel; non-myeloablative conditioning, NMA; myeloablative conditioning, MAC.
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eFigure 7. NGS MRD status for FLT3-ITD mutated AML patients and the association with
clinical outcomes after allogeneic hematopoietic cell transplant stratified by complete

remission (CR) status. Cumulative incidence of non-relapse mortality (NRM, top left) and relapse (top right),
relapse-free survival (RFS, bottom left) and overall survival (OS, bottom right) shown at 36 months based on category
of CR status and FLT3-ITD MRD status. Point estimates at different time points are shown in the table (far right).

Overall P values: Gray’s test for non-relapse mortality (NRM) and relapse; log-rank test for relapse-free survival

(RFS) and overall survival (OS). Confidence interval, CI; Probability, prob; Month, mo; Year, yr. Complete remission,
CR; CR with incomplete hematologic recovery, CRh/Cri/MFLS.
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eTable 1. Patient baseline clinical characteristics.

Variables Excluded* In Study Total \Variables Excluded* In Study Total

jAge Group Donor Type

Median (range)  53.5(19.8-75.0) 55.6 (18.0-76.1) 55.4 (18.0-76.1) [Cord Blood 12(17%)  61(11%) 73 (12%)
<60 43 (68%) 339 (63%) 387 (64%) Haploidentical Related 7 (10%) 52 (10%) 59 (10%)
>=60 23 (32%) 198 (37%) 221 (36%) HLA-identical Sibling 3 (4%) 70 (13%) 73 (12%)
Sex Matched Unrelated 42 (59%) 298 (55%) 340 (56%)
Female 37 (52%) 296 (55%) 333 (55%) Mismatched 6 (8%) 44 (3%) 50 (8%)
Male 34 (48%) 241 (45%) 275 (45%) Multiple Donors 1 (1%) 12 (2%) 13 (2%)
Conditioning Intensity IATG Usage

MAC 42 (59%) 321 (60%) 363 (60%) No 50(70%) 392 (73%) 442 (73%)
RIC/NMA 29 (41%) 216 (40%) 245 (40%) Ves 21(30%) 144 (27%) 165 (27%)
Site-reported Flow Cytometry Race and Ethnicity

Negative 65 (96%) 464 (92%) 529 (92%) IAmerican Indian or Alaska Native 0 (0%) 2 (0%) 2 (0%)
Positive 3 (4%) 41 (8%) 44 (8%) Asian 7 (10%) 30 (6%) 37 (6%)
Graft Type Black or African American 3 (4%) 33 (6%) 36 (6%)
Bone Marrow 9 (13%) 70 (13%) 79 (13%) Multiracial 0 (0%) 1(0%) 1(0%)
Cord Blood 13 (18%) 73 (14%) 86 (14%) Native Hawaiian or Pacific Islander 0 (0%) 1(0%) 1(0%)
Peripheral Blood 49 (69%) 394 (73%) 443 (73%) White (Hispanic or Latino) 5(7%) 27 (5%) 32 (5%)
Karnofsky Score \White (Other) 54 (78%) 428 (82%) 482 (82%)
<90 29 (41%) 222 (42%) 251 (42%) ELN Risk Group

>=90 41 (59%) 312 (58%) 353 (58%) Favorable 6 (8%) 25 (5%) 31 (5%)
HCT-Comorbidity Index Intermediate 42 (59%) 301 (56%) 343 (57%)
0 9 (13%) 112 (21%) 121 (20%) Adverse 23(32%)  210(39%) 233 (38%)
1-2 27 (38%) 170 (32%) 197 (33%) AML Group

3+ 35 (49%) 247 (47%) 282 (47%) De novo 66 (93%) 492 (92%) 558 (92%)
Baseline NPM1 Mutation [Therapy-related 3 (4%) 18 (3%) 21 (3%)
Positive 37 (52%) 280 (52%) 317 (52%) Transformed MDS/MPS 2 (3%) 27 (5%) 29 (5%)

*FLT3-ITD mutated AML patients from the Pre-MEASURE study were excluded due to sample availability or analysis failure as
outlined in eFigure 2
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eTable 2. Residual FLT3-ITD variants detected in the blood of AML patients prior to

be FLT3-ITD MRD assay.
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eTable 3. Residual variants other than FLT3-ITD detected in the blood of FLT3-ITD MRD

false-negative AML patients prior to transplant.
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eTable 4. Duplex sequencing panel target regions.

Gene Accession ID Exons
CBL NM_005188.4 7,8,9
FLT3 NM_004119.3 | 4710-17.29
IDH1 NM_005896.4 7.8
IDH2 NM_002168.4 47
JAK2 NM_004972.4 12,14
KIT NM_000222.3 | 89101117
KRAS NM_004985.5 2,34
NPM1 NM_002520.7 10,11
NRAS NM_002524.5 2,34
PTPN11 NM_002834.5 37.8.12.13
RUNX1 NM_001754.5 full gene
SF3B1 NM_012433.4 13,14,15,16
TP53 NM_000546.6
NM_001276698.3 | 1 gene
WT1 NM_024426.6 8,9,10
BRAF NM_004333.6 15
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