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Abstract
Allogeneic hematopoietic stem cell transplantation (allo-HSCT) remains the only curative therapy for
myelodysplastic neoplasms/syndromes (MDS), but post-transplant relapse continues to limit long-term
survival. Reliable identification of patients at high relapse risk remains lacking. A cohort of 192 patients
with MDS or MDS/acute myeloid leukemia undergoing allo-HSCT was analyzed to assess the prognostic
significance of measurable residual disease (MRD) by next-generation sequencing (NGS) and
multiparameter flow cytometry (MFC). MRD was assessed longitudinally at predefined time points; NGS-
MRD positivity was defined as persistence of disease-associated mutations (excluding DNMT3A, TET2,
and ASXL1) at a variant allele frequency > 0.01%. At 1 month post-transplantation, NGS-MRD positivity
was detected in 25.9% of patients and was strongly associated with higher relapse risk and inferior
survival outcomes. The 6-month cumulative incidence of relapse was significantly higher in MRD-
positive vs. MRD-negative patients (64.7% vs. 23.5%), with markedly shorter relapse-free survival (5.3 vs.
85.3 months) and overall survival (13.4 vs. 73.7 months) (all P < 0.05). In multivariable analysis, 1-month
NGS-MRD positivity remained an independent relapse and mortality predictor. MFC-MRD demonstrated
prognostic value only at later time points. Early post-transplantation NGS-MRD may be a dominant
prognostic biomarker and support its integration into MRD-guided, risk-adapted post-transplantation
management strategies.

Introduction
Myelodysplastic syndromes/neoplasms (MDS) exhibit marked clinical and biological heterogeneity and
carry a high risk of transformation to acute myeloid leukemia (AML) (1, 2). Although allogeneic
hematopoietic stem cell transplantation (allo-HSCT) remains the only curative modality, post-transplant
relapse, with cumulative incidence rates ranging from 15% to 60%, persists as the primary barrier to long-
term survival and accounts for the majority of treatment failures (3–6).

Currently, considerable controversy remains regarding the optimal disease status and prognostic
relevance of the bone marrow (BM) blast percentage before allo-HSCT (7, 8). Furthermore, no clear
consensus exists on how pre-transplant treatment strategies, including the increasing use of
hypomethylating agents (HMAs) and BCL-2 inhibitors, affect clonal architecture or subsequent
transplant outcomes (8–10). Although the Molecular International Prognostic Scoring System (IPSS-M)
has enhanced baseline risk stratification (11–14), its prognostic utility after transplantation remains
constrained by its inherently static design (12, 15). Consequently, it fails to reflect the dynamic clearance
of malignant clones throughout the transplant trajectory.

The inability to reliably identify patients at the highest risk of post-transplant relapse limits the use of
timely, risk-adapted interventions, such as donor lymphocyte infusion (DLI) or maintenance strategies.
Concurrently, it may expose low-risk individuals to unnecessary treatment-related toxicities. Molecular
measurable residual disease (MRD) assessment using high-throughput sequencing provides a more
advanced approach than conventional morphology and flow cytometry (16). Nonetheless, studies
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assessing peri-transplant MRD in relation to transplant outcomes, using both molecular approaches and
flow cytometry, remain limited. Consequently, accurately identifying patients at high risk of relapse and
implementing timely, risk-adapted therapeutic interventions remains an unresolved clinical challenge.

This study aimed to address these critical knowledge gaps by systematically evaluating the clinical
significance of post-transplant molecular MRD. Specifically, we examined how pre-transplant disease
status and peri-transplant MRD, determined by both next-generation sequencing (NGS) and flow
cytometry, collectively influence transplant outcomes. By establishing a temporal framework for MRD
assessment, we aimed to define clinically actionable strategies to optimize pre-transplant management
and identify the optimal window for post-transplant intervention.

Materials and Methods

Patient cohort
Overall, 1,694 patients were initially screened; 1,399 patients who did not undergo allo-HSCT were
excluded. An additional 81 patients were excluded because of missing NGS data (n = 59) or the absence
of detectable somatic mutations at diagnosis (n = 22), and 15 were excluded because cryopreserved BM
samples were unavailable at 1 month post-transplantation. The final study cohort comprised 192
patients (Supplemental Fig. 1). All patients underwent allo-HSCT at the National Taiwan University (NTU)
Hospital (NTUH) or NTU Cancer Center and harbored detectable somatic mutations at diagnosis, as
determined by deep targeted sequencing.

Clinical variables were collected, including age at transplantation, sex, disease classification according
to the French–American–British (FAB) classification, the 2016 and 2022 World Health Organization
(WHO) classifications, and the International Consensus Classification (ICC), as well as risk stratification
using the revised IPSS (IPSS-R) and IPSS-M. Variables also included molecular characteristics at
diagnosis; type of and response to pre-transplant therapy; conditioning regimen; donor type; graft source;
graft-versus-host disease (GVHD); DLI; post-transplant maintenance therapy; relapse; non-relapse
mortality (NRM); relapse-free survival (RFS); and overall survival (OS).

The study was approved by the Research Ethics Committee of NTUH. Written informed consent was
obtained from all participants in accordance with the Declaration of Helsinki (approval numbers:
201709072RINC and 202207050RINB).

BM assessment and cytogenetic analysis
BM cellularity and fibrosis grade were assessed using reticulin staining and were independently
confirmed by board-certified hematopathologists (17). Cytogenetic studies were performed on BM
aspirates and interpreted according to the International System for Human Cytogenetic Nomenclature
(11, 18).
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MRD assessment by NGS and multiparameter flow cytometry (MFC)
Baseline molecular profiling of BM samples obtained at diagnosis was performed using the TruSight
myeloid sequencing panel (Illumina, San Diego, CA, USA) on the HiSeq platform (Illumina, San Diego, CA,
USA). Alterations in 54 genes relevant to myeloid neoplasms were analyzed (Supplemental Table 1) (11,
19, 20). Pathogenic and likely pathogenic somatic variants were identified and used as molecular
markers for MRD tracking. MRD was evaluated early post-transplant (30 days after allo-HSCT). NGS-
based MRD positivity was defined as the persistence or re-emergence of disease-associated mutations
with a variant allele frequency (VAF) > 0.01%. Only mutations already present at diagnosis were
considered for NGS-MRD evaluation. The median sequencing depth at diagnosis was approximately
10,000×, and a similar depth was achieved at the MRD time points to ensure high sensitivity for low-
frequency variant detection. To detect MRD, error-corrected genomic DNA sequencing was performed
using a customized Qiagen myeloid panel (Hilden, Germany) with unique molecular identifiers covering
42 recurrently mutated genes. Libraries were prepared according to the manufacturer’s protocol and
sequenced on the Illumina NovaSeq platform. Raw data were processed using CLC Genomics
Workbench software. Variants were called using tools optimized for low-frequency detection and
annotated using COSMIC, dbSNP, and ClinVar; functional predictions were generated using PolyPhen-2
and SIFT. Error suppression was performed using a position-specific background model derived from the
normal controls. Variants required three supporting reads. For conventional variant calling, variants were
required to exceed the assay-specific limit of detection (approximately 0.2–0.5%). However, for MRD
assessment, previously identified disease-associated mutations were tracked using ultra-deep error-
suppressed sequencing, allowing detection down to a VAF of 0.01%. Germline variants were filtered
using population databases and VAF patterns without matched normal samples. Donor-derived clonal
hematopoiesis was not assessed. MRD tracking included only mutations detected at diagnosis. Low-
VAF variants (< 1%) were included if they were reproducible. MRD positivity was defined as the presence
of non-DTA mutations, with additional analyses including all mutations.

MFC was performed on BM aspirates using standardized antibody panels, longitudinally at prespecified
time points, including pre-transplant, early post-transplant (30 days after allo-HSCT), and subsequent
follow-up periods (60 and 90 days after allo-HSCT). Flow cytometry MRD was defined as the presence of
phenotypically abnormal myeloid populations distinct from normal hematopoietic patterns. MFC-based
MRD positivity was defined as ≥ 0.1% LAIP/DfN-positive cells among total CD45 + cells. MRD negativity
required acquisition of at least 5×10^5 CD45 + events, allowing reliable assessment down to 0.1%.

Statistical analysis
The Mann-Whitney U test was used for continuous variables, and Fisher’s exact test or the χ2 test was
used for categorical variables. OS was calculated from the date of allo-HSCT to the last follow-up or
death from any cause. RFS was calculated from the date of allo-HSCT to relapse, last follow-up, or death,
whichever occurred first. Relapse and NRM were analyzed as competing-risk endpoints. The cumulative
incidence of relapse (CIR) was estimated from the date of allo-HSCT using the cumulative incidence
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function, with NRM treated as a competing event. Differences between groups were compared using
Gray’s test. Landmark analyses were performed at 1, 3, and 6 months, excluding patients who relapsed
or died before each landmark time point.

Survival outcomes were estimated using the Kaplan–Meier method and compared using the log-rank
test. Univariable and multivariable Cox proportional hazards regression models were fitted to evaluate
variables associated with clinical outcomes, adjusting for relevant clinical and transplant-related
covariates. Variables with clinical relevance or statistical significance in the univariable analysis were
included in the multivariable model. To assess whether the prognostic impact of post-transplant MRD
was driven by AML-like disease biology, a sensitivity analysis was performed, excluding patients who
fulfilled the AML criteria based on the 2016 and 2022 WHO classifications or ICC before transplantation.
Associations between post-transplant MRD status, RFS, and OS were then re-evaluated using the same
statistical models as in the primary analysis.

All P values were two-sided and were considered statistically significant at P < 0.05. Analyses were
performed using IBM SPSS Statistics v23 for Windows and R v4.5.1 for Windows.

Results

Demographic features and treatment characteristics
Diagnostic classifications according to the FAB, 2016 and 2022 WHO classifications, and ICC are
summarized in Supplemental Table 2. The cohort included 23 patients with refractory anemia (RA),
seven with RA with ring sideroblasts, 107 with RA with excess blasts, and 55 with RA with excess blasts
in transformation (RAEB-T), as defined by the FAB classification. Discrepancies in AML classification
arose from differences in cytogenetic and molecular definitions, as well as blast thresholds, between the
2022 WHO and ICC systems, particularly in cases involving NPM1 mutations, MDS-related gene
mutations or cytogenetic abnormalities, CEBPA mutations, and NUP98 rearrangements. Overall, 10–14%
of the patients were classified as having AML with MDS-related features, depending on the classification
system (Supplemental Table 2). Four patients harbored biallelic TP53 mutations. The genetic landscape
is shown in Supplemental Table 3.

Patient characteristics are summarized in Table 1. The median age at diagnosis was 51 years, and 59.9%
of patients were male. At diagnosis, 63% and 68% of patients were classified as high- or very high-risk
according to IPSS-R and IPSS-M, respectively. One-third of patients (30.7%) underwent allo-HSCT after
disease progression. Pre-transplant IPSS-R assessment was available for 80% of patients (n = 153);
among these, 58% (n = 89) were downstaged, whereas 9% (n = 14) were upstaged before allo-HSCT.
Upfront allo-HSCT was performed in 46% of patients, while 7% received HMA in combination with
venetoclax before transplantation. Overall, 33% of patients achieved complete remission (CR), CR with
limited count recovery, or CR with partial hematologic recovery, whereas approximately half exhibited no
response to prior therapy.
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Table 1
Demographics

Variables Number (%)

(n = 192)

Variables Number (%)

(n = 192)

Sex   No response 98 (51.0)

Female 77 (40.1) PD 20 (10.4)

Male 115 (59.9) Not evaluable 3 (1.6)

Age* 51 (18–72) Pre-transplant BM blast* 3.8 (0-24.5)

Laboratory data*   Positive pre-transplant MRD by
MFC

79 (60.3)

WBC, ×109 /L 2.91 (0.6–
125.0)

Donor  

ANC, ×109 /L 1.01 (0.05–
31.4)

MSD 81 (42.2)

Hb, g/dL 8.3 (3.2–14.0) MUD 43 (22.4)

Platelet, ×109 /L 73 (3-911) MMSD 3 (1.6)

BM blast (%) 10 (0–29) URD 27 (14.1)

PB blast (%) 1 (0–29) Haploidentical 38 (19.8)

IPSS-R (at diagnosis)   Stem cell source  

Very low 3 (1.6) PB 164 (85.4)

Low 21 (10.9) BM 9 (4.7)

Intermediate 49 (25.5) BM + PB 19 (9.9)

High 59 (30.7) Conditioning  

Very high 60 (31.3) MAC 50 (26.0)

IPSS-R (pre-transplant) n = 153 RIC 142 (74.0)

Very low 27 (17.6) Post-transplant  

*Median (range).

†Other treatment: include low dose cytarabine, rabbit-derived anti-thymocyte globulin, cyclosporine,
danazol, eltrombopag, erythropoietin-stimulating agents, thalidomide, and steroid

‡Response was assessed according to the 2023 International Working Group criteria.

§Three for virus infection. Two for poor engraftment. One for post-transplant pure red cell aplasia
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Variables Number (%)

(n = 192)

Variables Number (%)

(n = 192)

Low 42 (27.5) positive 1-month MRD by FRC 29/144 (20.1)

Intermediate 32 (20.9) positive 1-month MRD by NGS 28/108 (25.9)

High 39 (25.5) 3-month relapse rate 11/177 (6.2)

Very high 13 (8.5) 6-month relapse rate 28/158 (17.7)

IPSS-M (at diagnosis) n = 177 12-month relapse rate 40/127 (31.5)

Very low 4 (2.3) 24-month relapse rate 51/103 (49.5)

Low 16 (9.0) Acute graft-versus-host disease n = 180

Moderate low 13 (7.3) Grade 1–2 69 (38.3)

Moderate high 24 (13.6) Grade 3–4 39 (21.7)

High 40 (22.6) Chronic graft-versus-host
disease

n = 176

Very high 80 (45.2) Mild 63 (35.8)

Initial treatment   Moderate 25 (14.2)

Upfront HSCT 88 (45.8) Severe 18 (10.2)

Intensive chemotherapy 49 (25.5) Donor lymphocyte infusion n = 169

HMA + venetoclax 13 (6.8) prophylaxis 11 (6.5)

HMA monotherapy 98 (51.0) mixed chimerism 8 (4.7)

Clinical trial 5 (2.6) relapsed 24 (14.2)

Other treatment† 14 (7.3) others§ 6 (3.6)

Disease status at
transplant‡

  Post-transplant maintenance
therapy

n = 17

CR + CRh+CRL 63 (32.8) HMA monotherapy 7 (4.1%)

*Median (range).

†Other treatment: include low dose cytarabine, rabbit-derived anti-thymocyte globulin, cyclosporine,
danazol, eltrombopag, erythropoietin-stimulating agents, thalidomide, and steroid

‡Response was assessed according to the 2023 International Working Group criteria.

§Three for virus infection. Two for poor engraftment. One for post-transplant pure red cell aplasia
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Variables Number (%)

(n = 192)

Variables Number (%)

(n = 192)

PR 7 (3.6) HMA and venetoclax 10 (5.8%)

HI 1 (0.5)    

*Median (range).

†Other treatment: include low dose cytarabine, rabbit-derived anti-thymocyte globulin, cyclosporine,
danazol, eltrombopag, erythropoietin-stimulating agents, thalidomide, and steroid

‡Response was assessed according to the 2023 International Working Group criteria.

§Three for virus infection. Two for poor engraftment. One for post-transplant pure red cell aplasia

Regarding transplant characteristics, 42% of patients received grafts from matched sibling donors, and
20% underwent haploidentical transplantation. Reduced-intensity conditioning (RIC) was used in most
cases (74%). At 1 month post-transplantation, MRD positivity was detected in 20% of patients by flow
cytometry and in 25.9% by NGS. Acute GVHD occurred in 60% of patients, with 22% classified as grades
3–4. Chronic GVHD was observed in 60% of patients; among these, half of them (50%) had mild-to-
moderate disease. DLI was administered to 14.2% of patients for relapse and to 6.5% for prophylaxis.
Post-transplant maintenance therapy with HMA, with or without venetoclax, was delivered to a limited
subset of patients (8.9%).

Outcomes
During a median follow-up of 93.7 months, the median OS from the date of HSCT was 73.7 months. After
allo-HSCT, the 2- and 5-year RFS rates were 71.5% and 64.8%, respectively. The posttransplant relapse
rates at 3, 6, 12, and 24 months were 6.2%, 17.7%, 31.5%, and 49.5%, respectively (Table 1). The
cumulative incidence of NRM was 19.3%, with similar rates between myeloablative conditioning (MAC)
and RIC regimens (18.0% vs. 19.7%).

Pre-transplant disease characteristics, MRD assessment, and
clinical outcomes
First, we assessed the impact of pre-transplant disease characteristics on post-transplant outcomes.
Pre-transplant disease status was not statistically significantly associated with relapse incidence, RFS,
or OS in this cohort (Supplemental Fig. 2). Conversely, pre-transplant BM blast percentage emerged as a
significant prognostic factor. Patients with a pre-transplant BM blast count of < 5% exhibited a
significantly longer median RFS than those with 5% or greater blasts (109.6 vs. 20.5 months, P = 0.011).
A trend toward improved median OS after HSCT was also observed in the lower-blast group, although
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this was not statistically significant (not reached vs. 38.2 months, P = 0.05) (Supplemental Fig. 3). Pre-
transplant MRD assessed using MFC was not significantly associated with any clinical outcome
measure, including relapse incidence, RFS, or OS (Supplemental Fig. 4).

Post-transplant MRD assessment and clinical outcomes
Next, we evaluated the prognostic impact of MRD assessed by MFC and NGS at different post-transplant
time points. Post-transplant MRD assessment by MFC was performed 1, 3, and 6 months after allo-
HSCT. Prognostic significance was observed exclusively at the 3- and 6-month time points. MFC-based
MRD positivity at 3 months was associated with a markedly higher relapse rate, as well as significantly
shorter median RFS (4.4 vs. 156.7 months) and median OS (11.5 months vs. not reached), compared
with MRD-negative patients (Figs. 1d-1f). Similarly, MFC-based MRD positivity at 6 months predicted
significantly worse median RFS (6.8 months vs. not reached) and median OS (18.1 months vs. not
reached). All comparisons were statistically significant (P < 0.01) (Figs. 1g–1i). Conversely, MFC-based
MRD positivity at 1 month post-transplant did not demonstrate predictive value for any of the evaluated
outcomes (Fig. 1a–1c).

Subsequently, we examined molecular MRD assessed by NGS at 1 month post-transplant. NGS-based
MRD positivity was associated with a higher relapse rate and shorter RFS (Supplemental Fig. 5). Notably,
when mutations in DNMT3A, TET2, and ASXL1 (DTA mutations), which persist in clonal hematopoiesis
without necessarily indicating residual disease, were excluded from the analysis, the survival differences
between MRD-positive and MRD-negative patients became substantially more pronounced (Fig. 2).
Among patients classified as NGS MRD-positive after DTA mutation exclusion, the 6-month CIR was
64.7% compared with 23.5% in the MRD-negative group. Furthermore, MRD-positive patients
demonstrated significantly shorter median RFS (5.3 vs. 85.3 months) and median OS (13.4 vs. 73.7
months) after allo-HSCT than their MRD-negative counterparts (all P < 0.05).

Combined MFC- and NGS-based MRD assessment at 1
month post-transplant
To further refine post-transplant risk stratification, we evaluated the combined prognostic utility of MFC-
and NGS-based MRD (excluding DTA mutations) at 1 month after allo-HSCT. This integrated strategy
identified distinct risk groups based on dual MRD status.

Patients with NGS-based MRD negativity had the lowest CIR, regardless of concurrent MFC-based MRD
status. Conversely, NGS-based MRD positivity was associated with the highest relapse rates,
independent of MFC-based MRD status. The 6-month CIR was 9.2% for patients who were double-
negative (both NGS- and MFC-based MRD-negative), compared with 85.7% for those who were double-
positive (Fig. 3a).
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Regarding survival outcomes, patients with double-negative MRD status achieved median RFS and OS of
63.3 and 79.3 months, respectively, whereas those with double-positive MRD had markedly inferior
outcomes, with median RFS and OS of 4.4 and 12.7 months, respectively (Fig. 3b and 3c). Consistent
with the CIR findings, NGS-based MRD positivity, irrespective of MFC-based MRD status, was associated
with the shortest RFS among all subgroups. Notably, patients with NGS-based MRD negativity but MFC-
based MRD positivity (n = 13) demonstrated a numerically shorter median RFS and significantly shorter
OS than did the double-negative group (RFS: 28.4 vs. 63.3 months, P = 0.430; OS: 7.9 vs. 79.3 months, P 
= 0.027).

Subgroup analysis by IPSS-R risk category
To evaluate whether the prognostic impact of post-transplantation NGS-based MRD differed by disease
risk, we performed subgroup analyses stratified by the IPSS-R score at diagnosis and pre-
transplantation. Among patients classified as very low-, low-, or intermediate-risk by IPSS-R at diagnosis,
post-transplant NGS-based MRD positivity at 1 month (excluding DTA mutations) was not significantly
associated with CIR, RFS, or OS (Supplemental Fig. 6). Conversely, among patients with high- or very
high-risk IPSS-R at diagnosis, NGS-based MRD positivity at 1 month post-transplant was significantly
associated with markedly higher relapse rates and inferior survival outcomes. The 6-month CIR was
66.7% in MRD-positive patients compared with 5.5% in MRD-negative patients, with correspondingly
shorter median RFS (4.4 vs. 41.7 months) and median OS (13.4 vs. 55.2 months); all comparisons
reached statistical significance (all P < 0.05) (Supplemental Fig. 7).

When patients were stratified by pre-transplant IPSS-R status, NGS-based MRD negativity at 1 month
post-transplantation retained prognostic value in both lower- and higher-risk groups. MRD-negative
patients consistently demonstrated superior outcomes, irrespective of pre-transplant risk category
(Supplemental Figs. 8 and 9).

Univariable and multivariable analysis
Univariable analysis incorporating clinically relevant factors identified age; IPSS-M and IPSS-R at
diagnosis; pre-transplant BM blast percentage; 1-month post-transplant NGS-based MRD status; and the
occurrence of acute and chronic GVHD as factors significantly associated with clinical outcomes
(Supplemental Table 4).

In multivariable analysis, 1-month post-transplant NGS-based MRD positivity (excluding DTA mutations)
remained a significant, independent adverse prognostic marker. This finding conferred a more than 10-
fold increased risk of relapse or treatment failure (hazard ratio [HR] 10.2, 95% confidence interval [CI]
2.8–36.8 for RFS) and a five-fold increased risk of death (HR 5.5, 95% CI 2.0–14.6 for OS) (Table 2). After
excluding patients who met the AML criteria before transplantation, post-transplant NGS-based MRD
positivity remained significantly associated with inferior RFS, consistent with the findings of primary
analysis (Supplemental Table 5).
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Table 2
Multivariable Cox regression analysis for relapse-free survival (RFS) and overall survival (OS)

Variables

(N = 192)

RFS OS

HR (95% CI) P value HR (95% CI) P value

Age* 0.10 (0.95–1.04) 0.827 1.04 (0.99–1.09) 0.093

IPSS-M (at diagnosis)   0.988   0.937

Very low/low Reference - Reference -

Moderate low 0.91 (0.06–14.66) 0.946 0.73 (0.08–6.59) 0.778

Moderate high 0.96 (0.08–12.22) 0.974 0.52 (0.07–3.77) 0.515

High 0.70 (0.05–9.65) 0.792 0.64 (0.11–3.65) 0.613

Very high 1.02 (0.09–11.52) 0.990 0.53 (0.11–2.63) 0.438

Pre-transplant BM blast        

<5% Reference - Reference -

5-<30% 1.86 (0.68–5.10) 0.229 1.07 (0.42–2.72) 0.891

Post 1-month MRD by MFC 0.75 (0.25–2.27) 0.615 0.87 (0.30–2.53) 0.802

Post 1-month MRD by
NGS†

10.22 (2.84–36.82) < 0.001 5.46 (2.04–14.62) 0.001

Conditioning regimen        

RIC Reference - Reference -

MAC 0.67 (0.13–3.55) 0.636 0.55 (0.16–1.87) 0.338

Acute GVHD   0.785   0.531

Grade 0 Reference - Reference -

Grade 1–2 0.88 (0.29–2.71) 0.826 1.88 (0.60–5.90) 0.278

Grade 3–4 0.64 (0.18–2.30) 0.490 1.50 (0.54–4.15) 0.439

P values of < 0.05 are statistically significant.

*As continuous variables analysis.

†DNMT3A, TET2, ASXL1 mutations were excluded.

Abbreviations: BM, bone marrow; CI, confidence interval; GVHD, graft-versus-host disease; HR, hazard
ratio; IPSS-M, Molecular International Prognostic Scoring System; MRD, measurable residual disease;
MAC, myeloablative conditioning; NGS, next generation sequencing; RIC, reduced intensity
conditioning
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Variables

(N = 192)

RFS OS

HR (95% CI) P value HR (95% CI) P value

Chronic GVHD   0.240   0.063

no cGVHD Reference - Reference -

mild 0.82 (0.23–2.30) 0.580 0.34 (0.11–1.04) 0.058

moderate 0.23 (0.05-1.00) 0.050 0.24 (0.07–0.81) 0.021

severe 0.55 (0.14–2.13) 0.384 0.26 (0.05–1.38) 0.113

P values of < 0.05 are statistically significant.

*As continuous variables analysis.

†DNMT3A, TET2, ASXL1 mutations were excluded.

Abbreviations: BM, bone marrow; CI, confidence interval; GVHD, graft-versus-host disease; HR, hazard
ratio; IPSS-M, Molecular International Prognostic Scoring System; MRD, measurable residual disease;
MAC, myeloablative conditioning; NGS, next generation sequencing; RIC, reduced intensity
conditioning

Furthermore, moderate chronic GVHD was identified as a protective factor, associated with a reduced
risk of relapse and prolonged OS, consistent with a graft-versus-leukemia effect (Table 2).

Prognostic impact of conditioning intensity
In the overall cohort, MAC was associated with numerically longer RFS and OS than RIC (median RFS:
109.6 vs. 40.1 months, P = 0.050; median OS: 153.5 vs. 50.1 months, P = 0.165; Supplemental Fig. 10). To
further investigate the interaction between pre-transplant disease burden and conditioning intensity, we
performed a stratified analysis comparing MAC and RIC across subgroups defined by pre-transplant BM
blast percentage. Among patients with a pre-transplant BM blast percentage > 5%, those who received
MAC demonstrated a trend toward superior outcomes compared with those receiving RIC, with median
RFS of 136.2 versus 14.5 months (P = 0.055) and median OS of 153.5 versus 24.1 months (P = 0.105)
(Fig. 4). In contrast, among patients with a pre-transplant BM blast percentage < 5%, no additional
survival benefit was observed with MAC over RIC (Supplemental Fig. 11).

Discussion
In this retrospective analysis of 192 patients with MDS and RAEB-T who underwent allo-HSCT, we
evaluated diagnostic classification, clinical presentation, risk stratification according to IPSS-R and IPSS-
M, pre-transplant disease status, and treatment regimens. We also analyzed the prognostic implications
of pre-transplant disease status, BM blast percentage, and MRD assessed using MFC. Importantly, post-
transplant assessments demonstrated that MRD evaluated using NGS at 1 month after allo-HSCT
provides critical prognostic information. To our knowledge, this study is among the first to integrate
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IPSS-M molecular risk stratification, pre-transplant MFC-based MRD, and post-transplant 1-month MFC-
based and NGS-based MRD within a single, comprehensive framework for patients with MDS and RAEB-
T undergoing allo-HSCT. By showing that NGS-MRD at 1 month post-transplant independently identifies
patients at high risk of relapse, our work addresses a critical unmet need in post-transplant surveillance
and may support the feasibility of early, NGS-guided preemptive intervention.

Allo-HSCT remains the only potentially curative treatment for patients with MDS, particularly those
classified as higher risk by IPSS-R or IPSS-M (10, 21). Nonetheless, the role of pre-transplant bridging
therapy in achieving optimal disease control, reducing transplant-related morbidity, and improving post-
transplant outcomes remains controversial.

HMA has served as the backbone of pre-transplant cytoreduction for the past two decades, with the
AZA-001 (22) and D-0007 studies (23) establishing HMA as standard therapy for higher-risk MDS.
Nonetheless, HMA-based combinations have yielded limited survival benefits. The ENHANCE trial
(magrolimab plus azacitidine) was terminated early because of futility and safety concerns (24),
whereas the VERONA trial (azacitidine plus venetoclax) improved response rates without an OS benefit
(25). Although HMA plus venetoclax may increase transplant eligibility (10, 26–29), the optimal pre-
transplant strategy remains controversial. Retrospective studies have reported no significant differences
in post-transplant outcomes, and analyses have suggested that the choice of pre-transplantation
regimen is associated with only modest, and frequently non-significant, differences in post-
transplantation outcomes (9, 30).

Beyond pre-transplant bridging therapy, emerging evidence suggests that molecular risk downstaging
after pre-transplant treatment does not translate into improved post-transplant outcomes. An EBMT
registry study retrospectively analyzed 1,482 patients with MDS who had paired IPSS-R scores at
diagnosis and at transplantation and demonstrated that IPSS-R improvement after HMA therapy or other
treatments conferred no post-transplant survival benefit (31). This observation was subsequently
extended to the molecular era by Aguirre et al. in a recent multicenter analysis of 176 HMA-treated
patients with MDS undergoing allo-HSCT, in which dynamic IPSS-M reassessment at transplantation did
not improve prognostic performance over baseline IPSS-M at diagnosis; apparent IPSS-M improvement
yielded no gain in survival or relapse relative to unchanged risk (15). Consistent with the results of these
studies, our cohort also showed that pre-transplant therapy, IPSS-R downstaging before transplantation,
and response to pre-transplant treatment were not significantly associated with post-transplant
outcomes.

The prognostic impact of the pre-transplant BM blast percentage on allo-HSCT outcomes in MDS
remains controversial. Trottier et al. reported that > 10% pre-transplant blasts were independently
associated with worse OS and higher NRM (32), whereas Schroeder et al. found no significant effect of
blast percentage (> 10% vs < 10%) on OS or RFS in high-risk patients undergoing upfront transplantation
(30). In our cohort, a pre-transplant BM blast percentage < 5% was associated with significantly superior
RFS and a trend toward improved OS. The lack of a significant association between pre-transplant
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disease status and outcomes may reflect the heterogeneity of disease-status categories and the limited
sample size of this cohort. Conventional disease status may not adequately capture the actual residual
disease burden at transplantation, whereas the pre-transplant BM blast percentage represents a more
direct, quantitative measure of disease activity. This may explain why BM blast percentage, but not
disease status, demonstrated prognostic significance for RFS. Importantly, in patients with a pre-
transplant BM blast percentage > 5% prior to transplantation, MAC was associated with numerically
longer RFS and OS than RIC, although these comparisons did not reach statistical significance. These
exploratory findings suggest a possible interaction between disease burden and conditioning intensity
that warrants further validation. This discordance across studies suggests that the pre-transplant blast
percentage may serve as a surrogate for the underlying disease biology rather than as an independently
modifiable prognostic factor.

Two landmark studies established the prognostic value of post-transplant NGS-based MRD in patients
with MDS. Duncavage et al. demonstrated that persistence of mutations at day + 30 post-HCT was
strongly associated with disease progression and inferior survival (33). Tobiasson et al. subsequently
found, in a prospective cohort of 266 patients with MDS, that MRD positivity preceded relapse by a
median of 71 days and was independently associated with markedly shorter RFS and OS (34). Building
on this framework, our study showed that longitudinal post-transplant MRD assessment using MFC had
time-dependent prognostic significance. In contrast, NGS-based MRD identified patients at high risk of
relapse earlier and was more consistently predictive than MFC-MRD, emerging as the primary
determinant of post-transplant prognosis in multivariable analyses. These findings suggest that 1-month
post-transplantation NGS-MRD is the dominant molecular biomarker for early relapse risk stratification in
patients with MDS.

For post-transplant maintenance therapy, the RELAZA-2 trial (35) demonstrated that MRD-guided
preemptive azacitidine could delay or prevent overt hematologic relapse in a subset of patients.
Conversely, a randomized study by Oran et al. 2020 phase III (36) showed that azacitidine maintenance,
used as a prophylactic strategy irrespective of MRD status, did not confer a significant survival benefit.
Therefore, MRD-guided post-transplant strategies may reduce unnecessary treatment-related toxicity
while enabling identification of patients most likely to benefit from the intervention. Our study shows that
NGS-based MRD may offer a critical window for preemptive interventions that MFC-based surveillance
alone may not reliably provide.

This study has some limitations. First, its retrospective, single-center design may introduce selection
bias and may limit generalizability to broader populations. Second, the final cohort comprised 192
patients, reduced from 1,694 screened based on the eligibility criteria, which may limit statistical power
for subgroup analyses, particularly in the NGS-MRD-negative/MFC-MRD-positive subgroup and lower-risk
IPSS-R categories. Additionally, only a limited number of patients received post-transplant maintenance
therapy, and the use of DLI varied considerably across the cohorts. Consequently, the independent
impact of these interventions on transplant outcomes could not be comprehensively evaluated, and their
potential interaction with MRD status remains to be clarified in future prospective studies. Third,
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although pragmatically justified, excluding DTA mutations as surrogates for clonal hematopoiesis may
overlook their prognostic relevance in certain clinical contexts and warrants further investigation. Finally,
heterogeneity in conditioning regimens, donor types, and post-transplant interventions across the study
period may have independently influenced the outcomes. A prospective multicenter validation using
standardized MRD protocols is required to confirm these findings.

To our knowledge, this study is the first comprehensive evaluation of both MFC- and NGS-based MRD in
patients with MDS who underwent allo-HSCT. We demonstrated that 1-month post-transplant NGS-based
MRD positivity is a strong, independent predictor of relapse and poorer survival. Notably, pre-transplant
treatment strategies did not emerge as significant determinants of transplant outcomes, suggesting that
timely post-transplant identification of high-risk patients and early, risk-adapted interventions may
represent the most effective strategy for improving long-term outcomes. A prospective multicenter
validation is warranted to establish standardized MRD-guided protocols and optimize outcomes in this
challenging population.
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Figure 1

Time to disease relapse, relapse-free survival (RFS) and overall survival (OS) in patients with
myelodysplastic syndromes/neoplasms undergoing allogeneic hematopoietic stem cell transplantation
(HSCT) according to multiparametric flow cytometry–based measurable residual disease (MRD) status
at 1 month (a, b, c), 3 month (d, e, f) and 6 month (g, h, i) post-transplant

Page 22/26



Figure 2

Time to disease relapse (a), relapse-free survival (RFS) (b) and overall survival (OS) (c) in patients with
myelodysplastic syndromes/neoplasms undergoing allogeneic hematopoietic stem cell transplantation
(HSCT) according to next-generation sequencing–based measurable residual disease (MRD) status at 1
month post-transplant. MRD assessment excluded mutations in DNMT3A, TET2, and ASXL1.
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Figure 3

Time to disease relapse (a), relapse-free survival (RFS) (b) and overall survival (c) in patients with
myelodysplastic syndromes/neoplasms undergoing allogeneic hematopoietic stem cell transplantation
(HSCT) according to multiparametric flow cytometry–based and next-generation sequencing–based
measurable residual disease (MRD) status at 1 month post-transplant. MRD assessment excluded
mutations in DNMT3A, TET2, and ASXL1.
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Figure 4

Time to relapse (a), relapse-free survival (RFS) (b), and overall survival (OS) (c) in patients with
myelodysplastic syndromes/neoplasms undergoing allogeneic hematopoietic stem cell transplantation
(HSCT) with pre-transplant bone marrow blasts 5-<30%, stratified by conditioning regimen.
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