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Measurable residual disease (MRD) is a key predictor of relapse, the primary cause of treatment failure after allogeneic
haematopoietic cell transplantation (allo-HCT) in acute myeloid leukaemia. This Policy Review, based on guidance
from the European Society for Blood and Marrow Transplantation, provides practical recommendations for
incorporating MRD assessment into clinical decision making during the transplantation process, the application of
which remains challenging in acute myeloid leukaemia due to technical limitations and the limited availability of
standardised, evidence-based approaches. Available methods include reverse transcription quantitative PCR, digital
droplet PCR, next-generation sequencing, and multiparametric flow cytometry—chimerism-based approaches are
under investigation. This Policy Review highlights the importance of MRD monitoring to enable timely, risk-adapted
interventions that encompass both pre-transplantation and post-transplantation periods and can include tailoring
conditioning intensity, donor selection, immunosuppression management, donor lymphocyte infusions, and
pharmacological therapies such as FLT3 or IDH inhibitors, hypomethylating agents, venetoclax, or menin inhibitors.
These recommendations aim to harmonise MRD-driven clinical practice and improve patient outcomes, while

identifying key areas for future research.

Introduction

Measurable residual disease (MRD) is a powerful
biomarker for guiding therapy in patients with acute
myeloid leukaemia, particularly because of its capacity
to predict relapse and allow timely administration of
allogeneic  haematopoietic ~ cell  transplantation
(allo-HCT) in patients at high risk. Furthermore, given
that relapse remains the leading cause of treatment
failure after allo-HCT, accurate MRD assessment is
crucial for designing personalised interventions to
enhance antileukaemic effectiveness and improve
transplantation outcomes.

Therapeutic strategies guided by MRD have proven
highly effective in various haematological disorders,
especially with the availability of targeted treatments.
However, the application of MRD assessment for clinical
decision making is challenged by technical limitations
and a dearth of evidence supporting MRD-driven
interventions in the setting of acute myeloid leukaemia.*
The wide variability of techniques and threshold values
used in different centres further hampers this situation.’
National recommendations for the monitoring,
treatment, and prevention of leukaemia relapse after
allo-HCT were published in 2024, and have proven
valuable for standardising clinical practice.® However,
large variability in transplantation procedures and drug
availability in different regions continue to hinder
broad implementation.
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In this Policy Review, the challenges and opportunities
associated with MRD assessment in acute myeloid
leukaemia within the allo-HCT setting are evaluated from
the perspective of the European Society for Blood and
Marrow Transplantation (EBMT) Practice Harmonisation
and Guidelines Committee. Despite the limited
availability of high-quality evidence, we aim to provide
specific and practical recommendations regarding MRD
monitoring to improve transplantation outcomes. The
methodological aspects of various MRD evaluation
techniques are first addressed, and potential MRD-guided
interventions at different timepoints during the
haematopoietic cell transplantation (HCT) process are
then discussed. We address several key questions
regarding the role of MRD-guided interventions in
patients with acute myeloid leukaemia undergoing
allo-HCT: (1) how should MRD be best assessed? (2) What
MRD-guided interventions are available in the allo-HCT
setting? (3) How does MRD assessment after
chemotherapy inform the decision to proceed with
allo-HCT? (4) What is the prognostic importance of MRD
detection before allo-HCT, and how should detection
influence transplantation decision making? (5) What is
the role of MRD monitoring after allo-HCT, and how can
monitoring be used to guide therapeutic interventions
and improve post-transplantation outcomes?

The consensus recommendations were developed
following the methodology established by the EBMT
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Practice Harmonisation Committee, with the aim of
providing clear and practical guidance in areas where
international consensus is lacking.

Workshop recommendations

In the context of allo-HCT, MRD measurement
throughout a patient’s treatment journey can be done at
various timepoints, each serving distinct purposes, with
different techniques—potentially prompting different
interventions (figure). MRD assessment after initial
chemotherapy helps establish eligibility for allo-HCT,
pre-HCT MRD evaluation provides insight into the risk
of post-HCT relapse, and post-HCT MRD monitoring is
crucial for early relapse detection. Based on a review of
the technical aspects of MRD monitoring and the
spectrum of potential interventions, specific recom-
mendations for MRD-guided interventions at each
timepoint are provided.

Techniques used for MRD evaluation
MRD in acute myeloid leukaemia can be assessed with
various high sensitivity molecular assays, including
reverse transcription quantitative PCR (RT-qPCR), digital
droplet PCR (ddPCR), error-corrected next-generation
sequencing (NGS), and multiparameter flow cytometry
(MEC).** Selection of the most appropriate method
depends on the biological characteristics of acute myeloid
leukaemia, allowing for individualised patient
monitoring. Recommendations for technique selection
might evolve as new data emerge supporting the use of
additional molecular markers and subgroups.

For specific molecularly defined acute myeloid
leukaemia subtypes, such as those with NPM1mutations,

Diagnosis

Induction chemotherapy

X MRD testing
Allogeneic HCT

X X

xxxxxxx>

Post-chemotherapy
MRD evaluation

Pre-HCT MRD evaluation Post-HCT MRD monitoring

Use Establish indication for
allogeneic HCT in low-risk risk
or intermediate-risk AML

Indicator of post-HCT relapse Relapse surveillance marker

Techniques MFC, RT-qPCR or ddPCR MFC, RT-gPCR or ddPCR, NGS MFC, RT-gPCR or ddPCR,
for FLT3-ITD NGS for FLT3-ITD and other
gene mutations, chimerism
analysis
MRD-driven Proceed to allogeneic HCT |« Intensify HCT procedure Pre-emptive immunological

interventions

« Prophylactic immunological
interventions

« Pharmacological maintenance
therapy, given broadly or to
groups at high risk

or pharmacological therapies

Figure: Timepoints of MRD evaluation

AML=acute myeloid leukaemia. MRD=measurable residual disease. HCT=haematopoietic cell transplantation.
MFC=multiparameter flow cytometry. RT-qPCR=reverse transcription quantitative PCR. ddPCR=digital droplet PCR.
NGS=next-generation sequencing.
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core-binding factor-rearranged (CBF) acute myeloid
leukaemia (RUNXI::RUNXIT1 or CBFB::MYHII), or
acute promyelocytic leukaemia (PML::RARA), molecular
MRD assessment by RT-qQPCR or ddPCR is
recommended. By contrast, patients who do not fall into
these subgroups are typically monitored with MFC.'
Although NGS-based MRD monitoring has substantially
improved, making ultrahigh-sensitivity NGS a reliable
tool in some acute myeloid leukaemia subsets (eg, FLT3-
ITD), evidence for its wide clinical application continues
to evolve.**

Molecular methods

Molecular methods for MRD assessment include
RT-qPCR, ddPCR, and specifically adapted NGS assays.
PCR-based methods are applicable to 40-60% of acute
myeloid leukaemia cases with identifiable founder
genetic abnormalities, such as mutated NPM],
RUNX1::RUNXITI, CBFB:MYH]I], PML::RARA,
KMT2A::MLLT3, DEK::NUP214, BCR:ABL, or non-
leukaemia specific markers such as WTI1 Moreover,
leukaemia-specific PCR assays targeting markers such as
NPM1, PML::RARA, and CBF are preferred over less
specific markers such as WT1or EVII expression.'

For NGS-based MRD testing, both the selection of
mutations identified at diagnosis and the use of agnostic
panel approaches offer distinct strengths and weaknesses.
All detected mutations could be considered potential
MRD markers, although caution is required with
germline mutations and mutations associated with age-
related clonal haematopoiesis, such as DNMT3A, TET2,
and ASXL1 (collectively known as DTA mutations).'

Various studies support the use of error-corrected NGS
for assessing the predictive value of stable mutations
(present at diagnosis), gained mutations (emerging at
relapse), and DTA mutations after HCT. Both DTA and
non-DTA mutations showed similar relapse kinetics
during post-HCT follow-up.” Another expanding area of
NGS is the assessment of FLT3-ITD as an MRD marker.
Although the clinical relevance of FLT3-ITD MRD
monitoring has previously been limited by patient-
specific duplications and potential mutation instability at
relapse, NGS-based techniques with sensitivities up
to 105 have enabled the application of this type of
monitoring as a predictor of relapse, particularly in the
peri-transplantation period.**

ddPCR is a modification of quantitative PCR, in which
the reaction is partitioned into thousands of individual
droplets. The advantages of this technique include an
increased signal-to-noise ratio and absolute quantification
without the need for standard curves. This technique can
be particularly useful for rare mutations, for which
standard curves might not be available, or single base
changes, for which standard RT-qPCR might be
technically challenging or even unfeasible. Published
reports have shown that ddPCR-based MRD monitoring
is effective for predicting relapse when specific single
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genes as MRD markers (eg, BCR:ABLI, NPMI,
PML::RARA, IDHI, IDH2, or WTI) are used in the post-
transplantation setting.”**

Multiparameter flow cytometry

MFC-based MRD assessment should be performed with
a validated assay and in accordance with established
guidelines for the detection of rare events.”” The main
strategies for assessing MRD by MFC rely on identifying
leukaemia-associated immunophenotypes (eg, lineage
infidelity, asynchronous marker expression, and
overexpression or absence of markers) and detecting
atypical immunophenotypes distinct from typical
myeloid maturation patterns.”® These analytical
approaches are complementary and should be combined
together to ensure accurate MRD evaluation. The
advantages of MFC for MRD assessment include broad
applicability to approximately 90% of acute myeloid
leukaemia cases in the post-transplantation setting,
short turnaround time, high sensitivity (103-104), and
the ability to distinguish viable from non-viable cells. For
reliable test sensitivity, a low limit of quantification,
typically 50 residual leukaemic events in at least
500000 total events, is required, with the ideal limit of
quantification being 0-01%. Harmonisation and
standardisation of MFC-based MRD have been
challenging but have advanced substantially, as outlined
in technical documents.”

Moreover, MFC has proven to be a reliable and
standard technique for tracking leukaemic stem cells.
Leukaemic stem cells typically reside in the CD34*CD38"
compartment, display unique immunophenotypes not
shared with typical haematopoietic stem cells, and are
characterised by genetic features linked to low
chemosensitivity.”” Several studies have shown that
leukaemic stem cell burden at diagnosis and follow-up
serves as a prognostic biomarker, particularly when
combined with conventional MFC MRD results.””
Ongoing research is investigating the integration of
residual leukaemic stem cells assessment into MRD
evaluation, which is expected to enhance prognostic
accuracy in the peri-transplantation setting.

Chimerism analysis methods

The current standard for chimerism analysis is the
evaluation of short tandem repeat profiles, although
other DNA polymorphisms such as variable number of
tandem repeats, single nucleotide polymorphisms, and
insertion or deletion polymorphisms (Indel) can be
used. Although short tandem repeat PCR remains the
gold standard for chimerism analysis, its sensitivity is
limited to 1-5%. More sensitive methods, such as
RT-qPCR, ddPCR, and NGS (sensitivities ranging from
1072 to 10°6), are emerging and might be better suited for
early interventions in haematological malignancies.
A detailed discussion of the technical aspects of
chimerism analysis was performed in a previous
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comprehensive review” and is beyond the scope of these
recommendations.

Chimerism measurement in both the myeloid and
T-cell compartments serves two distinct purposes. Firstly,
it is commonly used to assess engraftment and guide
clinical interventions, such as tapering of immuno-
suppression,  administering  prophylactic  donor
lymphocyte infusions, providing CD34* cell boosts, or
performing salvage transplantation. Secondly, chimerism
might function as a marker for MRD positivity. However,
the role of chimerism in relapse prediction is not well
defined, and its clinical utility and impact on decision
making remain topics of ongoing debate. Suboptimal or
declining chimerism at different timepoints was
identified as an independent risk factor for relapse and
impaired survival in all types of conditioning regimens
in both adults and children.”** However, compared with
molecular methods or MFC for MRD monitoring,
chimerism status alone offers little predictive value.” For
patients with a disease-specific MRD marker, early
relapse detection should primarily rely on a combination
of molecular assays and immunophenotyping. However,
chimerism analysis can be valuable in cases for which
disease-specific markers are lost at relapse. Combining
sensitive chimerism analysis with MRD testing can
enhance relapse prediction and improve transplantation
management.” In the prospective FIGARO trial,® the
negative prognostic effect associated with MRD positivity
was abrogated in both study groups when full donor
T-cell chimerism was maintained or reached early after
transplantation. In summary, best practices for
integrating chimerism analysis with MRD monitoring
are still being defined since ongoing advances in
technology continue to improve the sensitivity and
informativity; chimerism-guided interventions remain
under investigation. See panel 1 for recommendations on
MRD evaluation techniques.

Definitions of MRD clinical outcomes in acute myeloid
leukaemia

Definitions of clinical outcomes related to MRD
assessment in patients with acute myeloid leukaemia
have been previously published' and continue to evolve.
As thresholds can change over time, the most recent
European LeukemiaNet guidelines, which reflect current
advances in the field, should be followed. A simplified
adaptation applicable to the allo-HCT setting can be
used. Complete remission with negative MRD can be
defined as complete remission, complete remission with
partial haematological recovery, or complete remission
with incomplete haematological recovery with MRD
below the defined threshold of positivity for a genetic
marker, as identified by RT-qPCR, MFC, or NGS.
Complete remission with positive MRD can be defined
as complete remission, complete remission with partial
haematological recovery, or complete remission with
incomplete haematological recovery with MRD above the
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Panel 1: Recommendations for MRD evaluation techniques*

Molecular markers

«  Molecular MRD assessment by RT-qPCR is recommended for
patients with NPM1 mutations or RUNX1::RUNX1T1,
CBFB::MYH11, or PML::RARA rearrangements.

« For patients with mutated FLT3-ITD and the absence of the
molecular markers, ultrahigh-sensitivity NGS should be
used as an alternative to MFC, when available. Current data
indicate that this technique provides powerful prognostic
information immediately before or after transplantation,
and can guide maintenance therapy. Data on the utility of
this technique for sequential monitoring are still being
collected.

« Additional techniques such as ddPCR and RT-qPCR for other
fusion genes have been technically validated but need
further prospective clinical evaluation in terms of thresholds
and informative timepoints. However, these techniques are
for stable disease-specific markers and are suitable for
sequential post-HCT monitoring for the early detection of
relapse.

Flow cytometry
» Recommended for patients with acute myeloid leukaemia
outside the aforementioned molecularly defined subgroups.

defined threshold of positivity for a genetic marker, as
identified by RT-qPCR, MFC, or NGS. In an allo-HCT
setting, complete remission with MRD positivity, even
with low disease burden, can still indicate active disease
and has shown prognostic relevance.” MRD relapse
can be defined as conversion from undetectable to
detectable MRD or a considerable increase from the last
measured nadir. The result should be rapidly verified
in a second consecutive sample, preferably a bone
marrow sample.

Possible MRD-guided interventions

Potential MRD-guided interventions can be categorised
into three groups: (1) optimisation of the allo-HCT
procedure adjusted for patients with persistent MRD at
the time of transplantation; (2) immunological strategies
after allo-HCT for patients with persistent MRD or those
with MRD relapse; and (3) pharmacological interventions
after transplantation.

Optimisation of the allo-HCT procedure

Although intensifying conditioning might enhance the
antileukaemic effect of allo-HCT, it also increases non-
relapse mortality, making the overall benefit in acute
myeloid leukaemia a matter of debate. A phase 3
randomised trial conducted by the Blood and Marrow
Transplant Clinical Trials Network showed improved
relapse-free survival with myeloablative conditioning
compared with reduced-intensity conditioning in
patients with acute myeloid leukaemia.” Interestingly,
this benefit was observed only in patients with detectable

+ Forclinical decision making, MRD assessment should be
performed with a qualified assay according to the guidelines
for rare events in MFC:

»  Minimum eight colour panel.

+ Acquisition of at least 500 000-1 000 000 CD45-
expressing relevant events.

+ Adequate limit of detection or limit of quantification of
the assay.

Chimerism
Chimerism analysis is not recommended as a reliable tool
for MRD monitoring in patients with acute myeloid
leukaemia.

+ Inthe absence of available flow or molecular MRD
techniques, chimerism analysis can provide prognostic
information for predicting individual relapse risk.

MRD=measurable residual disease. RT-qPCR=reverse transcription quantitative PCR.
NGS=next-generation sequencing. MFC=multiparameter flow cytometry. ddPCR=digital
droplet PCR. HCT=haematopoietic cell transplantation. *The most reliable and appropriate
technique should be selected based on the type of genetic lesion or atypical
immunophenotype present in every individual acute myeloid leukaemia case, its stability
throughout the disease course, and the level of validation of the analytical protocol used.

MRD before HCT, as assessed by error-corrected NGS,
whereas no benefit was seen in MRD negative patients."”
These findings align with several retrospective studies
supporting the use of intensive conditioning as the
standard of care for suitable patients with acute myeloid
leukaemia who have pre-HCT MRD positivity.”*
However, conflicting results from other studies highlight
the need for further investigation. The FIGARO
prospective trial examined the effects of an intensified
conditioning regimen and pre-transplantation MFC
MRD status on transplantation outcome.” More intense
conditioning did not improve outcomes, regardless of
pre-transplantation MRD status. Similarly, the BMT-CTN
1506-MORPHO trial reported improved overall survival
in patients who received myeloablative conditioning
compared with those who received reduced-intensity
conditioning, irrespective of MRD status.” Overall, these
findings support the use of intensive conditioning for
suitable patients with acute myeloid leukaemia, especially
those with detectable MRD before HCT.

The potential to enhance the graft-versus-leukaemia
(GVL) effect by donor selection remains a matter of
debate. Most studies found no significant differences in
relapse rates based on donor type.” However, particular
circumstances, such as T-cell replete umbilical cord
blood transplants in children,* the use of young unrelated
donors,” and haploidentical donors* wusing post-
transplantation cyclophosphamide, have been associated
with reduced relapse rates. The effect of donor type on
MRD status was also specifically explored in retrospective
studies.”** No considerable differences in outcomes were
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observed between matched siblings and matched,
unrelated donor transplants.” However, some studies
suggest that HLA-mismatched transplants, especially
those using umbilical cord blood” or haploidentical
donors,® can enhance the GVL effect and improve
outcomes in patients who are MRD positive before HCT.
Nevertheless, these results remain controversial, and
well designed studies are needed to address the findings.
Overall, the current evidence is insufficient to support
a recommendation for any specific donor type based on
MRD status.

Immunotherapy

Part of the antileukaemic efficacy of allo-HCT is mediated
by the GVL effect, which is closely linked to graft-versus-
host disease (GVHD), and contributes to reducing
relapse risk in patients with acute myeloid leukaemia.**
The GVL effect is dynamic and can be modulated by
various post-HCT interventions, although careful
consideration is needed to balance antileukaemic efficacy
with the risk of adverse effects, especially GVHD.

In terms of immunosuppression modulation, several
studies suggested an association between increased
exposure to calcineurin inhibitors during the initial
weeks post-HCT and an elevated risk of relapse.”* This
association has led to the consensus that immuno-
suppressive drug concentrations should be tailored to the
individual patient’s risk of disease recurrence. In patients
athighrisk, reducing the duration of immunosuppression
to promote earlier acquisition of full donor T-cell
chimerism mitigated the adverse effect of pre-
transplantation MRD on relapse and survival® and
accelerated immune recovery. Enhanced reconstitution
of y& T cells after HCT was also proposed as a mechanism
to help to counteract the increased relapse risk in patients
with acute myeloid leukaemia who had pre-HCT MRD
positivity.* However, this strategy should be carefully
balanced against the risk of GVHD. No consensus on the
optimal timing for tapering immunosuppression has
been reached, with decisions often influenced by factors
such as the disease status at transplantation, degree of
HLA mismatch, conditioning regimen intensity, or the
use of post-transplantation cyclophosphamide or in vivo
T-cell depletion.

A 2024 review and consensus recommendation
addressed the use of unmanipulated donor lymphocyte
infusion  after  allo-HCT  for  haematological
malignancies.® Prophylactic donor lymphocyte infusion
is often offered to patients at high risk of relapse,
particularly those without specific actionable targets,
especially  after non-myeloablative  conditioning.
Although small observational studies have shown
encouraging results,*” well designed comparative
studies are still needed. Pre-emptive donor lymphocyte
infusion administered to patients in complete remission,
triggered by declining chimerism or detectable MRD,
aims to prevent overt relapse. As with prophylactic donor
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lymphocyte infusion, some data suggest that pre-emptive
donor lymphocyte infusion can offer clinical benefit.*
A prospective study suggested that the infusion of
G-CSF-mobilised peripheral blood stem cells in post-
transplant patients who had MRD positivity can improve
transplantation outcomes.”® However, more robust data
are needed to substantiate these findings. Donor
lymphocyte infusion combined with pharmacological
strategies is often recommended. Extensive research has
focused on enhancing the characteristics of donor
lymphocytes with various modifications to address the
limitations of unmodified donor lymphocyte infusion,
aiming to reduce toxicity and improve antileukaemic
effectiveness.” However, this topic is beyond the scope of
this consensus manuscript.

Post-transplantation pharmacological interventions
Post-transplantation pharmacological interventions aim
to reduce relapse risk but should be balanced against
potential toxicity. Two main strategies are used:
maintenance therapy, given broadly or to groups at high
risk (eg, MRD positive pre-HCT), although this therapy
might lead to overtreatment; and pre-emptive therapy,
initiated in response to early relapse markers such as
post-HCT MRD, which is more targeted but relies on
timely and accurate detection.

In terms of maintenance strategies, the FLT3 inhibitor
sorafenib has shown efficacy in reducing relapse and
improving overall survival in two randomised trials, in
which it was used for universal prophylaxis, independent
of MRD status.®' However, maintenance strategies
post-HCT can differ based on MRD status before or after
transplantation.” Exploratory data suggest the greatest
benefit from sorafenib occurs in patients who are MRD
negative before HCT or MRD positive after HCT. These
trials, however, included few patients and little pre-HCT
FIT3 inhibitor use. A 2024 clinical trial explored the use
of gilteritinib as maintenance therapy for up to 2 years in
patients with FLT3-ITD acute myeloid leukaemia
undergoing allo-HCT. This trial showed a clinical benefit
in terms of relapse-free survival for patients with
pre-HCT or post-HCT MRD positivity.” MRD was
assessed with a highly sensitive NGS MRD method
(sensitivity up to 105-10-6), which was able to detect any
FLT3-ITD sequence, with approximately 50% of patients
testing positive. Post-transplantation gilteritinib resulted
in significant improvement in relapse-free survival
among patients peri-transplant who were MRD positive,
whereas no benefit was observed in patients who were
MRD negative. These findings support an MRD-driven
approach to FLT3 inhibitor maintenance, potentially
sparing patients who are MRD negative from unnecessary
treatment. Nonetheless, due to the limited availability of
high-sensitivity NGS-based MRD testing, the need for
additional supporting studies, and the proven efficacy of
FIT3 inhibitors in patients who are MRD negative,
maintenance strategies restricted to patients who are
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MRD positive cannot yet be recommended in routine
practice. Other FLT3 inhibitors, such as midostaurin
and quizartinib, have not been formally evaluated in the
post-HCT setting, although quizartinib has been
approved for maintenance therapy after transplantation
in some regions. Clinicians should exercise caution
with FLT3 inhibitor maintenance due to potential
unwanted drug interactions and frequent adverse
conditions, such as cytopenias, which might require
dose adjustments.

Post-transplant maintenance using azacitidine
(a hypomethylating agent) has been difficult to
implement and, so far, has not shown a clear advantage
in reducing relapse rates.”” The AMADEUS trial
(NCT04173533)—a randomised, double-blind, placebo-
controlled phase 3 study—is underway, and aims to
further assess the safety and efficacy of oral azacitidine
as maintenance therapy in patients with MDS or acute
myeloid leukaemia after HCT.

Ivosidenib (IDH1 inhibitor) and enasidenib (IDH2
inhibitor) are being explored in combination with
intensive chemotherapy in the HOVON150 trial, which
includes a 2 year maintenance phase. Phase 1 trials
studying maintenance with enasidenib® or ivosidenib*
after transplantation have been published, showing
that the treatment is safe and well tolerated, with
preliminary activity.

Further studies are warranted to identify which
patients are most likely to benefit from post-allo-HCT
maintenance with IDH1 or IDH2 inhibitors.

The combination of venetoclax and azacitidine has been
investigated as a post-transplant maintenance strategy in
a phase 1 trial, exhibiting a manageable safety profile and
promising activity in patients with high-risk MDS or
acute myeloid leukaemia.” In addition, VIALE-T is an
ongoing phase 3, randomised, open-label trial
(NCT04161885) evaluating the safety and efficacy of
venetoclax plus azacitidine versus best supportive care as
maintenance therapy after HCT in patients with acute
myeloid leukaemia.

In terms of pre-emptive strategies, the RELAZA?2 trial
reported encouraging outcomes for patients given
azacitidine who developed MRD during the post-transplant
period.”* A 2024 study showed that combining azacitidine
with interferon alfa in patients with detectable MRD or
loss of chimerism elicited sustained responses in a subset
of patients.” Sorafenib monotherapy has been used for the
treatment of post-transplant relapses, showing durable
responses in some patients.” This observation was related
to the induction of GVL. An experimental work showed
the ability of sorafenib to increase IL-15 production,
resulting in a subsequent enhancement of allogeneic CD8*
T-cell response.” No trials have yet reported on the
investigation of IDH inhibitors as a potential pre-emptive
intervention in patients with IDHI-mutated or IDH2-
mutated acute myeloid leukaemia. The combination of
venetoclax plus azacitidine has shown particular efficacy in
cases of MRD failure,” especially among patients with
NPMI-mutated or other favourable-risk acute myeloid
leukaemia.” The specific role of this combination in the

Panel 2: Summary of MRD-guided modification of transplant procedure and post-transplantation therapy

HCT procedure*

» A myeloablative conditioning regimen can overcome some
of the poor prognostic implications of pre-HCT MRD.

« Insufficient data exist to guide GVHD prophylaxis or donor
selection according to MRD.

Immunotherapy

 Antileukaemic efficacy can be modulated with
immunological interventions, by reducing exposure to
immunosuppressants and by use of DLI, to enhance the GVL
effect.

» These interventions are commonly used in clinical practice
as prophylactic or pre-emptive strategies in patients who
have MRD positivity, especially in the absence of other
alternatives, but evidence of efficacy is weak.

«  The risk of side-effects, especially GVHD, needs to be
carefully considered.

Post-transplantation pharmacological interventions

With the growing availability of new, targeted
pharmacological agents, pharmacological intervention after
allo-HCT is an increasingly appealing option.

+ Inaddition to administration as maintenance to all patients,
pharmacological intervention can be guided by MRD to

both restrict prophylaxis in a selected higher-risk population
who have MRD positivity pre-HCT and to guide pre-emptive
therapy for those with MRD persistence or relapse.

+  Post-HCT FLT3 inhibitors are safe and effective in patients
with FLT3-mutated acute myeloid leukaemia. Sorafenib has
been shown to reduce relapse independently from MRD,
and gilteritinib has been shown to decrease relapse in
patients with detectable MRD before or after-HCT.

+ At present, insufficient data exist on the safety and efficacy
of other post-transplant therapies, such as IDH inhibitors,
menin inhibitors, or non-directed regimens including both
venetoclax and azacitidine, to support their routine use
since they remain under investigation in clinical trials. Their
use might be considered in some patients who have MRD-
positivity post-HCT and are showing signs of impending
relapse, particularly when no alternative therapeutic options
are available.

MRD=measurable residual disease. HCT=haematopoietic cell transplantation.
GVHD=graft-versus-host disease. DLI=donor lymphocyte infusion. GVL=graft-versus-
leukaemia. allo-HCT=allogeneic HCT. *The HCT strategy should be tailored to the
individual relapse risk according to MRD status at three different stages: optimisation of
the HCT procedure, immunological strategies following HCT, and pharmacological
interventions.
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setting of post-transplant molecular relapse has not yet
been evaluated. Menin inhibitors are emerging as
promising candidates for pre-emptive MRD therapy.
Evidence of their benefit in the relapse and refractory
setting has been observed, as they induce differentiation in
KMT2A-rearranged and NPMI-mutated acute myeloid
leukaemia.””® Both subgroups can be consistently
monitored with molecular MRD, presenting a unique
opportunity for early, orally administered intervention.
However, no evidence is available regarding their use after
HCT or as pre-emptive MRD therapy. See panel 2 for
a summary of MRD-guided modifications.

Recommendations for MRD evaluation and MRD-guided
interventions

MRD evaluation after chemotherapy as an indication for
allo-HCT

Although genetic and cytogenetic profiling at diagnosis
guide initial risk assessment, MRD detection after
reaching morphological complete remission is crucial for
evaluating the depth of disease clearance. Since baseline
prognosticators often do not predict relapse, MRD has
emerged as a key biomarker that can refine risk
stratification, especially in patients with low-risk or
intermediate-risk acute myeloid leukaemia.? MRD
negativity does not necessarily indicate full disease
eradication but rather that the disease is below the
detection threshold of the technique used. Clinicians are
encouraged to consult with their MRD laboratory experts
to accurately interpret individual MRD results.!

Panel 3: Role of MRD evaluation after chemotherapy as an
indication to receive allo-HCT

+ MRD positivity at crucial timepoints and thresholds can
identify patients at increased risk of relapse. In specific
patients with low and intermediate genetic risk, MRD
positivity can be used as an indication for allo-HCT in first
complete remission.

+ The most important timepoints for MRD assessments,
as defined by the ELN 2022 consensus recommendations,
are after two cycles of intensive chemotherapy and
consolidation.

+ Forlow intensity regimens, evidence is emerging about
the role of MRD in the treatment decision making
process, including as a possible indication for HCT.
However, decisions should also consider patient fitness
and overall disease risk.

+ Sequential MRD assessment after treatment completion
can be useful for the early detection of relapse.

+ In patients treated with non-transplantation strategies,
MRD relapse during follow-up should be considered for
a clinical intervention that includes allo-HCT.

MRD=measurable residual disease. allo-HCT=allogeneic haematopoietic cell

transplantation. ELN=European LeukemiaNet. HCT=haematopoietic cell
transplantation.
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For patients with low-risk or intermediate-risk acute
myeloid leukaemia receiving high-dose chemotherapy,
several studies have suggested that allo-HCT can be spared
in patients who reach MRD negative complete remission,
overcoming the adverse prognostic effect of residual
disease and providing a survival benefit in patients with
MRD-positive complete remission."* These data led to the
European LeukemiaNet MRD recommendations that
identify MRD assessment after two cycles of standard
induction chemotherapy in patients in complete remission
as a prognostic biomarker for guiding post-remission
consolidation strategy.! Regarding patients with acute
myeloid leukaemia treated with non-intensive regimens,
several studies have validated the prognostic effect of MRD
on survival.”* The optimal timing for MRD assessment,
and its potential impact to guide additional treatment
strategies that decrease relapse risk, including allo-HCT,
are being evaluated. See panel 3 for the role of MRD
evaluation after chemotherapy.

Role of MRD evaluation before HCT
Many studies have shown that the risk of post-
transplantation relapse considerably increases in patients

Panel 4: Recommendations for pre-HCT MRD evaluation
and MRD-guided interventions

MRD evaluation

» Detectable MRD does not represent a contraindication for
HCT. HCT should not be delayed because of MRD
positivity.

+ Detectable MRD is a prognostic factor for relapse
after HCT.

+ Pre-transplantation MRD evaluation should be performed
in all patients considered for HCT within 4 weeks of the
start of conditioning.

Intervention

+ Detectable MRD might help with adaptation of intensity
and scheduling of immunosuppression in patients who
are MRD positive.

+ Intensive conditioning should be preferentially used for
patients with detectable MRD who are fit.

+ Immunological interventions such as early tapering of
immunosuppression or prophylactic DLI can be used in
patients with detectable MRD, preferentially combined
with pharmacological interventions when available.

+ FLT3 inhibitors should be offered as maintenance therapy
in patients with FLT3-ITD+. Gilteritinib might be preferred
for patients with detectable MRD.

«  The recommended duration of FLT3 inhibitor
maintenance therapy is 2 years. However, treatment
duration should be individualised based on tolerability
and patient-specific factors.

HCT=haematopoietic cell transplantation. MRD=measurable residual disease.
DLI=donor lymphocyte infusion.
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with detectable MRD before HCT, regardless of MRD
evaluation methods used.”?*%% This negative effect
appears to be consistent for acute myeloid leukaemia in
both first and second complete remission.” Notably, even
the detection of low amounts of pre-HCT MRD has been
associated with inferior outcomes.®® For instance,
NGS-based MRD assessment showed that the persistence
of FLT3-ITD or NPM1 variants in the blood at an allele
proportion of 0-01% or higher is associated with increased
relapse risk and worse survival outcomes.” The prognostic
value of pre-HCT NPMI1 MRD assessed by RT-qPCR
remains inconclusive. Although one study found no
association with survival,” another report indicated that
pre-transplantation MRD rates can predict outcomes.®
Notably, this prognostic effect appears to be primarily
confined to patients with co-occurring FLT3-ITD,
suggesting that integrating NPM1 MRD assessment with
FLT3-ITD status can improve risk stratification.®® Overall,
pre-HCT MRD evaluation is a crucial timepoint, as it
can inform patient discussions and influence
treatment decisions.

Whether MRD reflects inherently adverse disease
biology, or if the prognostic effect can be mitigated by
further cytoreduction before HCT, remain unclear. No
evidence supports cytoreduction before HCT, and
additional therapy can compromise transplantation
success.” This unresolved question represents a key
unmet clinical need requiring further research. Therefore,
HCT should probably not be delayed for patients in first

complete remission with evidence of pre-transplant MRD
positivity. However, the potential clinical benefits of MRD
clearance in specific scenarios, such as NPMI-mutated
acute myeloid leukaemia, are being investigated in
clinical trials. Additionally, persisting MRD after
chemotherapy might be a different scenario than MRD
relapse during follow-up. See panel 4 for recommendations
on pre-HCT evaluation and intervention.

Role of MRD monitoring after HCT
The primary goal of post-HCT MRD monitoring is to
identify patients at high risk of relapse early enough to
initiate pre-emptive interventions and to prevent overt
haematological relapse, which 1is associated with
discouraging prognosis. MRD evaluation should
therefore be performed in a timely manner, guided by the
kinetics of the underlying disease, to enable early
detection. Early post-transplant MRD evaluation can help
to stratify patients according to relapse risk,” and can
offer a window for timely therapeutic intervention. In a
2024 study using ultrahigh-sensitivity NGS on peripheral
blood, surveillance every 3 months detected relapse in up
to 38% of cases, rising to 64% with monthly testing.*
Short intervals of serial testing and highly sensitive assays
might be required for acute myeloid leukaemia with rapid
kinetics, such as for patients with FLT3 mutations.”
MRD monitoring after allo-HCT remains a substantial
clinical challenge. Although the presence of MRD at any
timepoint after allo-HCT is a strong predictor of relapse,

Panel 5: Recommendations for post-HCT MRD evaluation and MRD-guided interventions

MRD evaluation

»  MRD relapse is a marker of impending haematological
relapse and poor prognosis.

+ The goal of MRD-guided intervention is to allow prompt
therapeutic action and reduce the risk of haematological
relapse.

+ Monitoring of MRD is mandatory for all patients.

» An early post-transplantation MRD evaluation is strongly
recommended after engraftment and within 60 days
post-HCT.

+ The recommended frequency of MRD monitoring depends
on the disease type, the availability of a suitable marker, and
the technique used. For patients requiring bone marrow
aspiration, MRD assessment every 3 months is generally
advised. By contrast, for NPM1 or CBF transcripts
measurable in peripheral blood, more frequent monitoring
might be preferable.

« Patients with detectable MRD should repeat testing in
2-4 weeks time.

«  MRD monitoring should be continued for up to 2 years
following HCT.

+ More frequent monitoring is recommended for patients at
high risk, according to ELN category, MRD positivity before
and after transplantation, and MRD kinetics.

+ MRD monitoring is particularly important in patients at
high risk, as defined by the ELN classification, and in those
who are MRD positive before or after HCT.

Intervention

+ Any level of detection of post-HCT MRD should trigger
specific interventions to decrease the risk of relapse.

+ Therapeutical interventions should be selected according to
availability and individual patients.

+ For patients without GVHD and ongoing
immunosuppression, early withdrawal of
immunosuppression is common practice.

+ For patients without GVHD and off immunosuppression,
DLI'is common practice.

+ Targeted pharmacological agents should be used in patients
for whom these therapies are available.

» Combined pharmacological and immunological strategies
could be considered.

+ For patients without available pharmacological targeted
therapies, no data exist on prioritising non-targeted
pharmacological therapies or immunological approaches.

HCT=haematopoietic cell transplantation. MRD=measurable residual disease.

ELN=European LeukemiaNet. GVHD=graft-versus-host disease. DLI=donor lymphocyte
infusion.
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around a third of patients who are MRD positive do not
relapse, whereas approximately a third of patients who
are MRD negative eventually do,” underscoring the
complexity of MRD interpretation in the post-
transplantation setting. Lowering the threshold for MRD
positivity by use of MFC has increased sensitivity at the
cost of reduced specificity—innovative strategies with
computational analysis can enhance evaluation capacity.”

Pre-emptive interventions triggered by MRD detection
are commonly used and generally recommended;
however, little retrospective data and no prospective data
on their effect on transplantation outcomes are available.
See panel 5 for recommendations on post-HCT
evaluation and intervention.

Future research

Many questions regarding the role of MRD and MRD-
guided interventions in the context of allo-HCT remain
unresolved—further research is warranted. From
a technical perspective, the development of increasingly
sensitive methodologies, ideally applicable to peripheral
blood samples, will deepen understanding of relapse
biology and kinetics, including the mechanisms of
immune escape. However, strategies improving the
specificity of relapse prediction are equally crucial to
ensure that potentially toxic interventions are
administered only to patients who are likely to benefit,
thereby avoiding unnecessary treatment in those at low
risk of relapse. Such strategies might require the
integration of complex data, including MRD, other
biomarkers, molecular and cytogenetic profiles, and
clinical variables, in a time-dependent and individualised

Search strategy and selection criteria

An international panel of experts convened as part of the
Acute Leukemia Working Party of the European Society for
Blood and Marrow Transplantation and conducted a
comprehensive review of the relevant literature available in
the PubMed database. The search included articles in English
published from database inception up to Jan 31, 2025, using
combinations of the terms “acute myeloid leukemia”,
“measurable residual disease”, “MRD”, “allogeneic transplant”,
“maintenance therapy”, and “preemptive intervention”.
Priority was given to clinical trials, consensus guidelines,
meta-analyses, and high-impact peer-reviewed publications.
Studies were selected based on their relevance to the
transplantation setting, robustness of MRD detection
methodology, and applicability to current clinical practice.
Additional references were identified through manual
searches of reference lists and expert recommendations from
members of the EBMT Practice Harmonisation and Guidelines
Committee. Ensuing an in-depth workshop, a draft of the
recommendations was formulated and subsequently
circulated to additional experts in the field for review and
further contribution.

www.thelancet.com/oncology Vol 26 November 2025

manner. In this context, single-cell analyses offer
a promising avenue to elucidate clonal evolution after
transplantation and might enhance the predictive
value of MRD assessment. Advanced computational
approaches, including artificial intelligence, are also
expected to play a key role in supporting this complex
decision making process.

Moreover, in the era of targeted and immunological
therapies, the treatment landscape is evolving rapidly,
with increasingly precise and less toxic options
presenting a unique opportunity to improve the safety
and effectiveness of transplantation. However, well
designed studies are needed to define the role of these
medications in realising deeper MRD-negative
responses before HCT and their potential utility in
post-transplantation maintenance and MRD-guided pre-
emptive strategies.
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