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abstract

PURPOSE Patients with myelodysplastic syndrome (MDS) are at risk of relapse after allogeneic hematopoietic cell
transplantation. The utility of ultra-deep genomic testing to predict and the impact of conditioning intensity to
prevent MDS relapse are unknown.

METHODS Targeted error-corrected DNA sequencing was performed on preconditioning blood samples from
patients with MDS (n = 48) from the Blood and Marrow Transplant Clinical Trials Network 0901 phase III
randomized clinical trial, which compared outcomes by allogeneic hematopoietic cell transplantation
conditioning intensity in adult patients with , 5% marrow myeloblasts and no leukemic myeloblasts in
blood on morphological analysis at the time of pretransplant assessment. Clinical end points (53-month
median follow-up) included transplant-related mortality (TRM), relapse, relapse-free survival (RFS), and
overall survival (OS). Of the 48 patients examined, 14 experienced TRM, 23 are relapse-free, and 11
relapsed, of which 7 died.

RESULTSUsing a previously described set of 10 gene regions, 42% of patients (n = 20) hadmutations detectable
before random assignment to reduced intensity conditioning (RIC) or myeloablative conditioning (MAC). Testing
positive was associated with increased rates of relapse (3-year relapse, 40% v 11%; P = .022) and decreased OS
(3-year OS, 55% v 79%, P = .045). In those testing positive, relapse rates were higher (3-year relapse, 75% v
17%; P = .003) and RFS was lower (3-year RFS, 13% v 49%; P = .003) in RIC versus MAC arms. Testing
additional genes, including those associated with MDS, did not improve prognostication.

CONCLUSION This study provides evidence that targeted DNA sequencing in patients with MDS before transplant
can identify those with highest post-transplant relapse rates. In those testing positive, random assignment to
MAC lowered but did not eliminate relapse risk.
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INTRODUCTION

Myelodysplastic syndrome (MDS), one of the most
common hematologic disorders, is a collection of
clinically and genetically heterogeneous diseases. Al-
logeneic hematopoietic cell transplantation (alloHCT)
is currently the only curative treatment for MDS, but its
usage is limited, in part, by the risk of transplant-
related mortality (TRM).1 Reduced intensity condi-
tioning (RIC) regimens have helped to decrease tox-
icity although multiple retrospective studies found that
the decreased TRM is counterbalanced by increased
risk of relapse compared with more intense myeloa-
blative conditioning (MAC) regimens.2,3 Two ran-
domized phase III trials comparing outcomes following
RIC and MAC conditioning regimens in patients with
MDS are yet to provide a definitive answer regarding
which regimen should be used when a patient is eli-
gible for either approach.4-6

Aside from conditioning regimen, a variety of other
factors, including the presence and type of genetic
mutation before and after transplant, have been found
to influence clinical outcomes.7-9 We recently dem-
onstrated that patients with acute myeloid leukemia
(AML) with detectable mutations before alloHCT had
decreased relapse and improved overall survival (OS)
when randomly assigned to MAC versus RIC.10 To
determine if a similar benefit from increased condi-
tioning intensity is seen for patients with MDS, we
performed ultra-deep error-corrected DNA sequenc-
ing on blood samples collected immediately before
random assignment to either MAC or RIC for alloHCT.

METHODS

Clinical Cohort

The Blood and Marrow Transplant Clinical Trials
Network (BMT CTN) 0901 (ClinicalTrials.gov identifier:
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NCT01339910) study was a phase III randomized clinical
trial comparing outcomes by conditioning intensity in adult
patients with myeloid malignancy undergoing alloHCT with,
5% marrow myeloblasts and no leukemic myeloblasts in
blood on morphological analysis at the time of pretransplant
assessment.6 Frozen whole blood collected after enrollment
before the conditioning regimen was available from 48 of the
54 patients withMDS. Extended follow-up of patients enrolled
on this protocol was extracted from the Center for Interna-
tional Blood and Marrow Transplant Research (CIBMTR)
research database. Clinical characteristics and outcomes
were defined as outlined in the 0901 trial.6 Patients provided
written informed consent to participate in both the BMT CTN
0901 trial and the CIBMTR research database. This post hoc
study was approved by the BMT CTN and CIBMTR and
conducted with the approval of the National Marrow Donor
Program institutional review board.

Sequencing

DNA sequencing using a custom anchored multiplex poly-
merase chain reaction–based panel (ArcherDx, Boulder, CO)
designed to incorporate molecular barcode or unique mo-
lecular identifiers (UMIs) and cover regions of 29 genes
commonly mutated in myeloid malignancies (Data Supple-
ment), including 10 gene regions previously shown to be
prognostic in patients with AML from the same trial,10 was
performed on 200 ng of genomic DNA isolated from each
preconditioning blood sample. Library preparation and paired-
end 150-bp sequencing were performed using unique dual-
sample indices on an Hiseq 2500 (rapid run mode; Illumina,
San Diego, CA) as previously described.10 An average of 43
million paired-end reads were acquired per sample (Data
Supplement). Details are provided in the Data Supplement.

Bioinformatics

Consensus sequences based on UMI read families were
mapped to human genome version hg19 (build GRCh37).

De novo variant calls were made using a minimum allele
frequency of 0.001 and were filtered using information
regarding UMI read families, background error rate models,
unique start sites, strand-specific priming, and homopol-
ymer runs. Alternative approaches were used for insertional
mutations in NPM1 and FLT3 internal tandem duplication.
Details are provided in the Data Supplement.

Statistical Analysis

Kaplan-Meier estimation and log-rank test were used for
analysis of OS and relapse-free survival (RFS) and Gray’s
test for competing risks of TRM and relapse. Details are
provided in the Data Supplement.

RESULTS

Patient Cohort

A total of 54 patients with MDS participated in the BMT-
CTN 0901 clinical trial, of which 48 had blood collected
after study enrollment before random assignment to MAC
(n = 25) or RIC (n = 23) conditioning regimens, which was
used for genomic analysis in this study. This subset of
patients was well-matched for baseline characteristics
(Table 1), and clinical outcomes were aligned with those
previously reported (Data Supplement). The median follow-
up in survivors was in excess of 53 months.

Presence of Mutations Pretransplant Predicts Post-

Transplant Clinical Outcome

Previously, we demonstrated that detection of mutations
within 10 gene regions (FLT3, IDH1, IDH2, JAK2, KIT,
NPM1, NRAS, RUNX1, SF3B1, and TP53) before alloHCT
in patients with AML in remission was associated with
higher relapse and lower survival in those randomly
assigned to RIC.10 Evaluating the same gene regions in this
MDS cohort, a total of 54 mutations with a median variant
allele frequency (VAF) of 0.7% were detected in the blood
of 42% (n = 20) of patients before conditioning treatment

CONTEXT

Key Objective
Allogeneic hematopoetic cell transplantation (alloHCT) is the only curative therapy for Myelodysplastic syndrome (MDS) but is

associated with suboptimal rates of transplant-related mortality (TRM). The ability to predict the risk of relapse and tailor
alloHCT conditioning regimens to minimize TRM risk would be beneficial. Using samples from a randomized phase III
clinical trial comparing alloHCT conditioning intensity in patients with MDS, this study examined the prognostic significance
of pretransplant genetic markers on post-transplant outcomes.

Knowledge Generated
The presence of mutations within a previously identified set of 10 gene regions before alloHCT was associated with increased

rates of relapse and decreased relapse-free survival in patients with MDS who received reduced intensity versus mye-
loablative conditioning. Examination of additional MDS-associated gene regions was not beneficial.

Relevance
This study provides rationale for clinical trials using pretransplant genomic testing to personalize alloHCT approaches based

on the risk of relapse.
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TABLE 1. Patient Clinical Characteristics
Characteristic MAC RIC Total P

No. of patients 25 23 48

Age 1

Median (range) 58.1 (26-65.9) 55.2 (24.1-63.6)

≤ 50 3 (12%) 10 (43.5%) 13

. 50 22 (88%) 13 (56.5%) 35

Sex 1

Female 10 (40%) 9 (39.1%) 19

Male 15 (60%) 14 (60.9%) 29

HCT-CI .265

0 8 (32%) 4 (17.4%) 12

1-2 8 (32%) 13 (56.5%) 21

. 2 9 (36%) 6 (26.1%) 15

Disease .405

Refractory anemia 3 (12%) 1 (4.3%) 4

Refractory anemia with ringed sideroblasts 3 (12%) 2 (8.7%) 5

Refractory cytopenia with multilineage dysplasia 4 (16%) 8 (34.8%) 12

Refractory cytopenia with multilineage dysplasia and ringed sideroblasts 0 (0%) 1 (4.3%) 1

Refractory anemia with excess blasts—1 (5%-9% blasts) 4 (16%) 6 (26.1%) 10

Refractory anemia with excess blasts—2 (10%-19% blasts) 5 (20%) 4 (17.4%) 9

MDS, unclassified 4 (16%) 1 (4.3%) 5

MDS associated with isolated Del(5q) 2 (8%) 0 (0%) 2

Disease risk .748

Standard 19 (76%) 16 (69.6%) 35

High 6 (24%) 7 (30.4%) 13

Disease duration (mo) 1

Median (range) 7.7(2.7-70.3) 11.4(1.5-129.2)

0-2.9 2 (8%) 1 (4.3%) 3

3-5.9 6 (24%) 6 (26.1%) 12

6-11.9 10 (40%) 5 (21.7%) 15

≥ 12 7 (28%) 11 (47.8%) 18

Cytogenetics .383

Favorable 10 (40%) 8 (34.8%) 18

Intermediate 4 (16%) 8 (34.8%) 12

Poor 11 (44%) 7 (30.4%) 18

Donor type .772

Related 10 (40%) 8 (34.8%) 18

Unrelated 15 (60%) 15 (65.2%) 30

Donor match 1

Matched 25 (100%) 23 (100%) 48

Mismatched 0 (0%) 0 (0%) 0

Graft type 1

PB 23 (92%) 21 (91.3%) 44

BM 2 (8%) 2 (8.7%) 4

(Continued on following page)
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(Data Supplement). In samples with mutations detected,
the median number of variants was 2 (range, 1-11).

The presence of a mutation in the 10-gene panel (next-
generation sequencing [NGSg10]) in the blood of patients
with MDS before conditioning was found to be prognostic.
NGSg10-positive patients experienced significantly higher
rates of relapse (3-year relapse, 40% v 11%; P = .022) and
decreased RFS (3-year RFS, 34% v 71%, P = .006) and OS
(3-year OS, 55% v 79%, P = .045) compared with NGSg10-
negative patients (Fig. 1 and Table 2). NGSg10 mutational
status served as a strong predictor of relapse in this cohort
of patients with MDS, predicting 73% of relapses at
24 months (100% for those receiving MAC), with a
specificity of 78% (100% for those receiving RIC) (Data
Supplement).

In contrast to NGSg10 mutational status, no significant
difference in rates of relapse or OS was observed when
stratifying patients by disease classification, disease risk
group, or cytogenetic prognostic group (Data Supplement).
Rates of relapse trended higher in patients with poor cy-
togenetics or categorized as high risk. Inclusion of patients
with poor cytogenetics before transplant with NGSg10
mutational status improved prediction of relapse at
24 months from 73% to 91% (Data Supplement) and was
associated with significantly higher rates of relapse com-
pared with NGSg10-negative patients (Data Supplement).

Presence of Mutations Pretransplant Predicts Relapse by

Conditioning Intensity

Next, the impact of conditioning intensity and NGSg10
mutational status was examined (Data Supplement). Mu-
tations were detected in the preconditioning blood samples
of 48% of MAC and 35% of RIC patients. Patients testing
positive experienced higher rates of relapse (3-year relapse,
75% RIC v 17% MAC; P = .003) and lower RFS (3-year
RFS, 13% RIC v 49% MAC; P = .003) when randomly
assigned to RIC rather than MAC (Fig. 2A-B and Table 2).

Neither of the two relapses observed after MAC occurred in
the first 12 months after transplant, and the median time to
relapse in those randomly assigned to RIC was 4 months
(range, 2-24 months). No significant difference was ob-
served in rates of TRM or OS when stratifying patients by
both NGSg10 status and conditioning intensity (Fig. 2C and
Table 2).

For patients testing NGSg10-negative, no differences in
clinical outcomes between the two conditioning intensity
arms were detected, including rates of relapse (3-year
relapse, 20% RIC v 0% MAC, P = .095), RFS (3-year
RFS, 67% RIC v 77% MAC, P = .634), or OS (3-year
OS, 80% RIC v 77% MAC, P = .845) (Fig. 2 and Table 2).

The presence of an NGSg10 mutation in the blood before
conditioning predicted 67% of RIC and 100% of MAC
relapses at 24 months, with specificities of 100% and 64%,
respectively (Data Supplement). Inclusion of patients with
poor cytogenetics before transplant with NGSg10 mutational
status improved prediction of relapse at 24 months in the
RIC group to 89%, with a specificity of 89%, and is as-
sociated with significantly increased rates of relapse and
decreased RFS compared with patients receiving MAC
(Data Supplement).

Screening for Additional Genes Does Not Improve

Test Performance

The mutational spectrum of MDS is complex, with many
additional genes recurrently mutated beyond the 10 AML-
associated genes described above.7,11,12 Therefore, we
expanded our testing to also cover regions in an additional
19 genes including those commonly found in MDS at di-
agnosis (ASXL1, BCOR, CBL, CUX1, DNMT3A, ETV6,
EZH2, GATA2, KRAS, PHF6, PPM1D, PTPN11, SETBP1,
SRSF2, STAG2, TET2, U2AF1, WT1, and ZRSR2). This
resulted in the detection of an additional 82 mutations (136
in total), with a median VAF of 0.9% and a median of 2.5
variants (range, 1-12) per patient (Data Supplement).

TABLE 1. Patient Clinical Characteristics (Continued)
Characteristic MAC RIC Total P

Conditioning regimen

Flu/Bu4 22 (88%) NA 22

Bu/Cy 2 (8%) NA 2

Cy/TBI 1 (4%) NA 1

Flu/Mel NA 6 (26.1%) 6

Flu/Bu2 NA 17 (73.9%) 17

ATG .696

ATG 3 (12%) 4 (17.4%) 7

No ATG 22 (88%) 19 (82.6%) 41

Abbreviations: ATG, antithymocyte globulin; BM, bone marrow; Bu, busulfan; Cy, cyclophosphamide; Flu, fludarabine; HCT-CI, hematopoietic cell
transplant-comorbidity index; ITD, internal tandem duplication; MAC, myeloablative conditioning; Mel, melphalan; MDS, myelodysplastic syndrome; NA, not
applicable; PB, peripheral blood; RIC, reduced intensity conditioning; TBI, total body irradiation.
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Expanding testing (total of 29 genes) resulted in themajority
of patients having a mutation detectable before condi-
tioning (80% MAC and 78% RIC).

We examined if testing for mutations in a larger number of
genes would help better risk stratify patients classified as
NGSg10-negative (Fig. 3, Data Supplement). The inclusion
of DTA (DNMT3A, TET2, and ASXL1) genes, known to be
associated with age-related clonal hematopoiesis,13,14

resulted in reclassification of 21% (n = 6) of NGSg10-
negative patients to positive. Similar to what we observed in
patients with AML,10 samples testing positive for only DTA
mutations showed no difference in relapse rates or OS
compared with those testing negative. Furthermore, al-
though inclusion of DTA variants marginally improved the
sensitivity of NGSmutational status for predicting relapse at
24 months (from 73% to 82%), it had a detrimental impact
on specificity (78%-35%, Data Supplement).

Inclusion of 16 MDS-associated genes in the testing
strategy not only resulted in reclassification of 43% (n = 12)
of NGSg10-negative patients to positive but also provided no
additional prognostic significance (Fig. 3, Data Supple-
ment). No relapses were observed in patients testing
positive only for these 16 genes regardless of conditioning
intensity, and only one death was observed (TRM in the
MAC group). Additionally, although inclusion of these ad-
ditional gene regions provided no additional sensitivity for

predicting relapse at 24 months, as with DTA variants, it
also reduced specificity (Data Supplement).

Variant Allele Frequency and Mutation Number Do Not

Provide Prognostic Significance

Since expanding testing to include all 29 gene regions
resulted in the majority of patients having a mutation de-
tected, we examined the impact of defining as positive only
those patients with at least one mutation detectable at a
higher level (VAF ≥ 2.5%). This resulted in reclassification
of seven NGSg10-negative and five NGSg10-positive pa-
tients, resulting in 46% of patients (n = 22) being high VAF
NGS-positive. However, unlike NGSg10-positive patients, no
significant difference was observed for rates of relapse,
RFS, or OS in high VAF NGS-positive versus NGS-negative
patients (Data Supplement). Further stratification of pa-
tients by conditioning intensity revealed that 48% of MAC
(n = 12) and 43% of RIC (n = 10) patients were high VAF
NGS-positive. Higher rates of relapse were observed in high
VAFNGS-positive patients randomly assigned to RIC versus
MAC (3-year relapse, 60% v 8%; P = .010), but this effect
was driven exclusively by NGSg10 mutation status, whereas
no difference was observed in TRM, RFS, or OS (Data
Supplement). Limiting analysis to those testing positive for
an NGSg10 mutation at or above 2.5% VAF reduced the
sensitivity at 24 months from 73% to 45% (Data Supple-
ment). Similarly, we examined the impact of mutation load
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FIG 1. Impact of 10-gene mutational
status on clinical outcomes of patients
with MDS. (A) No difference in transplant-
related mortality was observed between
patients with MDS based on 10-gene
mutational status (P = .466). (B) Rates
of relapse were significantly higher in 10-
gene NGS–positive (NGSg10-positive)
versus NGS-negative patients (NGSg10-
negative) (3-year relapse 40% v 11%, P =
.022). (C) 10-gene NGS–positive patients
had significantly decreased RFS (3-year
RFS, 34% v 71%, P = .006) and OS (3-
year OS, 55% v 79%, P = .045) compared
with NGS-negative patients. MDS, mye-
lodysplastic syndrome; NGS, next-
generation sequencing; OS, overall sur-
vival; RFS, relapse-free survival; TRM,
transplant-related mortality.
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on patient outcomes and found no significant difference in
OS based on the mutation number (Data Supplement) or
number of mutated genes (Data Supplement).

Patients With MDS With Excess Blasts

Although the requirement for inclusion in the BMT-CTN
0901 study was , 5% marrow myeloblasts and no leu-
kemic myeloblasts in blood on morphological analysis at
the time of pretransplant assessment, a total of 22 of the 54
patients with MDS (41%) treated on the BMT-CTN 0901
trial had an initial diagnosis of refractory anemia with excess
blasts (RAEB) I or II (ie, between 5% and 19% blasts). The
median time from diagnosis to alloHCT in these patients was
6 months (range, 3-129 months). These patients accounted
for 19 (40%) of the available blood samples from before
conditioning (nine MAC and 10 RIC). Survival for the 19
RAEB patients with samples available was 74%. Seven of
these samples tested positive for NGS10g, for which survival

was 0% for RIC (n = 2, relapse) and 60% for MAC-treated
patients (with one death from each relapse and transplant-
related mortality). NGS10g-positive patients accounted for
four of six relapses observed in the RAEB cohort, and the
other two patients had high-risk cytogenetics with a mon-
osomal karyotype that would not be detectable using this
NGS assay.

DISCUSSION

Here, we present the impact of genetic mutations detected
before random assignment to RIC or MAC, identified without
knowledge of the mutations originally present at diagnosis,
on transplant outcomes in patients with MDS. Detection of
mutations using a DNA-sequencing panel covering regions
of 10 genes, previously shown to have utility at the same
timepoint in patients with AML,10 was associated with in-
creased rates of relapse and decreased RFS and OS. Many
of these genes (including TP53, RUNX1, JAK2, and RAS

TABLE 2. Outcomes Analysis by 10-Gene NGS Status and Treatment Regimen

Outcome

NGSg10-pos
n = 20

NGSg10-neg
n = 28

P

MAC
NGSg10-pos
n = 12

MAC
NGSg10-neg
n = 13

RIC
NGSg10-pos

n = 8

RIC
NGSg10-neg
n = 15

PFreq (95% CI) Freq (95% CI) Freq (95% CI) Freq (95% CI) Freq (95% CI) Freq (95% CI)

Transplant-related mortality .466 .692

3 mo 10 (0 to 24) 4 (0 to 11) 8 (0 to 25) 8 (0 to 23) 13 (0 to 37) 0 (0 to 0)

6 mo 10 (0 to 24) 4 (0 to 11) 8 (0 to 25) 8 (0 to 23) 13 (0 to 37) 0 (0 to 0)

1 y 15 (0 to 31) 14 (1 to 28) 17 (0 to 39) 23 (0 to 47) 13 (0 to 37) 7 (0 to 20)

2 y 20 (2 to 38) 14 (1 to 28) 25 (0 to 51) 23 (0 to 47) 13 (0 to 37) 7 (0 to 20)

3 y 26 (5 to 46) 18 (3 to 32) 35 (5 to 64) 23 (0 to 47) 13 (0 to 37) 13 (0 to 31)

Relapse .022 < .001

3 mo 0 (0 to 0) 7 (0 to 17) 0 (0 to 0) 0 (0 to 0) 0 (0 to 0) 13 (0 to 31)

6 mo 20 (2 to 38) 7 (0 to 17) 0 (0 to 0) 0 (0 to 0) 50 (11 to 89) 13 (0 to 31)

1 y 25 (5 to 45) 7 (0 to 17) 0 (0 to 0) 0 (0 to 0) 63 (24 to 100) 13 (0 to 31)

2 y 40 (18 to 62) 7 (0 to 17) 17 (0 to 39) 0 (0 to 0) 75 (38 to 100) 13 (0 to 31)

3 y 40 (18 to 62) 11 (0 to 22) 17 (0 to 39) 0 (0 to 0) 75 (38 to 100) 20 (0 to 41)

RFS .006 < .001

3 mo 90 (66 to 97) 89 (70 to 96) 92 (54 to 99) 92 (57 to 99) 88 (39 to 98) 87 (56 to 97)

6 mo 70 (45 to 85) 89 (70 to 96) 92 (54 to 99) 92 (57 to 99) 38 (9 to 67) 87 (56 to 97)

1 y 60 (36 to 78) 79 (58 to 90) 83 (48 to 96) 77 (44 to 92) 25 (4 to 56) 80 (50 to 93)

2 y 40 (19 to 60) 79 (58 to 90) 58 (27 to 80) 77 (44 to 92) 13 (1 to 42) 80 (50 to 93)

3 y 34 (15 to 55) 71 (51 to 85) 49 (19 to 73) 77 (44 to 92) 13 (1 to 42) 67 (38 to 85)

OS .045 .120

3 mo 90 (66 to 97) 96 (77 to 100) 92 (54 to 99) 92 (57 to 99) 88 (39 to 98) 100

6 mo 90 (66 to 97) 96 (77 to 100) 92 (54 to 99) 92 (57 to 99) 88 (39 to 98) 100

1 y 80 (55 to 92) 82 (62 to 92) 83 (48 to 96) 77 (44 to 92) 75 (32 to 93) 87 (56 to 97)

2 y 60 (36 to 78) 82 (62 to 92) 67 (34 to 86) 77 (44 to 92) 50 (15 to 78) 87 (56 to 97)

3 y 55 (31 to 73) 79 (58 to 90) 57 (25 to 80) 77 (44 to 92) 50 (15 to 78) 80 (50 to 93)

NOTE. Overall P values (in bold): Gray’s test for transplant-related mortality and relapse; log-rank test for RFS and OS.
Abbreviations: NGSg10, next-generation sequencing 10-gene; pos, positive; neg, negative; MAC, myeloablative conditioning; RIC, reduced intensity

conditioning; RFS, relapse-free survival; Freq, frequency; OS, overall survival; CI, confidence interval.
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pathway genes) have shown prognostic significance in other
MDS studies7-9 or are indicative of potential leukemic pro-
gression (FLT3 andNPM1). However, it should be noted that
mutations in IDH1, IDH2, JAK2, andNRAS were not seen in
relapsing patients in this cohort. The prognostic significance
of the remaining mutations on relapse was dependent on
conditioning intensity, with higher rates of relapse and lower
RFS observed in patients randomly assigned to receive RIC
compared with MAC.

This study provides evidence that the benefit of MAC versus
RIC in reducing relapse is found in patients with MDS with
detectable mutations using a 10-gene region DNA-
sequencing panel before alloHCT. In 58% of patients with

MDS testing negative, no difference between conditioning
arms was seen for relapse, RFS, or OS. It was already well-
established that detection of mutations in TP53 before
alloHCT in patients with MDS was associated with increased
relapse and decreased survival7,9 and that MAC was unable
to overcome these risks.9 In our series, 12 of 48 subjects had
a TP53 mutation, although nine (75%) of these were below
the cutoff (VAF, 2.5%) used in previous studies (mean VAF
1.3%, range, 0.1%-19.74%). Four of these subjects relapsed
(one of eight in MAC group and three of four in RIC group),
five died of transplant-related complications (four of eight in
MAC group and one of four in RIC group), and three survived
without relapse (all in the MAC group). All three TP53-
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FIG 2. Impact of conditioning intensity and 10-gene mutational status on clinical outcomes of patients with MDS. (A)
Differences in rates of relapse were identified between subgroups defined by conditioning intensity (RIC or MAC) and
mutational status (P, .001), with the highest rate occurring in 10-gene NGS–positive (NGSg10-positive) patients with
MDS receiving RIC. (B) In patients with no mutations detected within the 10-gene region (NGSg10-negative), no
difference in RFS was observed between conditioning intensities (3-year RFS, 67% RIC v 77% MAC, P = .634).
However, in NGS-positive patients, RFS was significantly worse in those who received RIC (3-year RFS, 13% RIC v
49% MAC, P , .001). (C) No difference in transplant-related mortality (P = .692) or OS (P = .120) was observed
between subgroups. MAC, myeloablative; MDS, myelodysplastic syndrome; NGS, next-generation sequencing; RIC,
reduced intensity conditioning; TRM, transplant-related mortality.
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mutated survivors who did not relapse had a pre-alloHCT VAF
of , 5% (Fig. 3). Although the size of this cohort limits ex-
trapolation, it is possible that the prognostic implications of
TP53mutation detection in patients withMDS before alloHCT
and the impact of conditioning intensity differ from those
reported previously when those variants are found at a level
below the limit of detection of routinely used NGS assays. In
addition to VAF, other factors such as persistence since initial
diagnosis, development during therapy, mutation type,
functional classification, and zygosity are likely to be im-
portant for determining the relapse risk associated with
detecting a TP53 mutation.15-22

Although mutation detection by targeted DNA sequencing
before alloHCT was strongly associated with increased re-
lapse and decreased RFS and these outcomes could be
improvedwithMAC, unlike in patients10 with AML, we did not
detect an OS advantage for conditioning intensification in
those testing positive. This might have been due to limited
sample size, predominately nonrelapse causes of death in
this MDS cohort (67% of deaths, compared with 39% in the
previously reported AML cohort), or other factors.

MDS is a genetically heterogenous disease.1,11,12,23 As was
observed previously,8 we found that inclusion of a large
number of genes resulted in the majority of patients having
mutations present before transplant. Furthermore, muta-
tions in genes associated with clonal hematopoiesis (DTA)
or 16 other MDS-associated genes outside of 10-gene
mutational status did not improve test performance.

Reanalysis of pretransplant mutational status using only the
10 genes reported here, from another study of patients with
MDS with, 5%myeloblasts before alloHCT,8 confirms our
finding of significantly increased relapse rates in patients
testing positive and receiving RIC versus MAC. Analysis of
larger MDS cohorts using broad NGS panels will have to be
performed to define the mutations with greatest prognostic
significance at the pre-alloHCT timepoint.

There are several limitations to this work. The modest
sample size here offers only a partial sampling of the
heterogenous genetics associated with MDS, whereas
differences in pretransplantation disease burden, biology,
and prior treatment history further limit exact comparisons.
The significance of mutation detection before alloHCT
might be influenced by history of prior treatment, and
previous work using the same testing in patients with AML
included only those treated to cytomorphological remission
before transplant. Without knowledge of genomics at initial
MDS diagnosis, we cannot comment on the optimal clinical
timepoint or sequencing breadth for testing. Without single-
cell sequencing, we cannot determine clonal architecture
to distinguish if detected mutations are present in clonal
hematopoiesis rather than MDS clones.24 Nevertheless, we
show here a clear association of pretransplant genomics
with post-transplant relapse and a significant impact of
conditioning intensity in reducing that relapse risk.

Unlike in AML, relapse does not account for the clear
majority of mortality in patients with MDS undergoing
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alloHCT.9 Two randomized studies of conditioning intensity
in MDS have failed to show a difference in survival between
MAC and RIC,4,6,25 although we show here a trend toward
improved survival with increased conditioning intensity for
those with detectable mutations particularly in the RAEB
group (ie, biology and treatment history most analogous to
AML). Prior work had shown a benefit for increased con-
ditioning intensity in patients with MDS with RAS pathway
mutations (NRAS, KRAS, PTPN11, CBL, NF1, RIT1, FLT3,
and KIT) undergoing alloHCT.9 As relapse is not the
primary cause of death in patients with MDS undergoing
alloHCT, the choice of conditioning intensity is currently
dependent on the estimated ability of a patient to tolerate
transplant-related toxicity.26 AlloHCT remains the only
curative therapy for MDS; however, given the median age
at diagnosis, many patients will not be eligible for mye-
loablative approaches.27,28 As it is now possible to de-
termine the genomic basis of disease before and after
transplantation, personalized approaches for alloHCT of

patients with MDS are now conceivable with targeted
strategies for those with detectable TP53, RAS pathway
(including FLT3), IDH and JAK2 mutations, immune
augmentation, or other therapies potentially able to
supplement the impact of chosen conditioning intensity to
minimize relapse risk.29-31

In conclusion, we show that in adult patients with MDS with,
5% marrow myeloblasts and no leukemic myeloblasts in
blood before alloHCT, ultra-deep DNA sequencing for mu-
tations in 10 gene regions previously shown to be high risk in
patients with AML could identify a subset of 42% of patients
who experienced the majority of post-transplant relapses. In
those patients with MDS testing positive, MAC rather than RIC
could dramatically lower the relapse rate, but this benefit was
counterbalanced by increased transplant-related mortality.
This study provides the rationale for clinical trials of person-
alized post-transplant maintenance for patients with MDS
based on genetic assessment before transplant.
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