
Combining flow cytometry and WT1 assessment
improves the prognostic value of pre-transplant 
minimal residual disease in acute myeloid leukemia

There is increasing evidence that evaluating minimal
residual disease (MRD) at various time points during
acute myeloid leukemia (AML) therapy retains a strong
prognostic value.1-3 In particular, the persistence of MRD
positivity before hematopoietic stem cell transplantation
(HSCT) has been associated with poor outcome.4,5

Multicolor flow cytometry (MFC) is widely recognized as
a reliable and widely applicable technique for MRD eval-
uation, whereas real-time quantitative polymerase chain
reaction (RT-qPCR) targeting specific molecular alter-
ations is applicable to a minority of AML patients.6-8

Many trials have also shown the feasibility of evaluating
MRD by WT1 gene expression levels in up to 70% of
AML subjects.9,10 In the study herein, we show that com-
bined MFC and molecular (WT1-based) evaluation of
pre-transplant MRD can accurately predict the risk of
post-transplant relapse in AML patients.

We retrospectively analyzed the outcome of 224 con-
secutive AML patients who were transplanted in our cen-
ter in first or second complete remission (CR) between
January 2004 and January 2014. In all patients, MRD was
evaluated by MFC and WT1 gene expression on bone
marrow samples before transplant. Patients without
WT1 overexpression at diagnosis were not included in
the study. The features of patients, including risk catego-
ry according to European LeukemiaNet (ELN) 2017, are
reported in Table 1. When immunophenotype at diagno-
sis was available, leukemia-associated immunopheno-
type (LAIP) was used to track residual leukemic cells. In
the remaining patients the "different-from-normal" MFC
approach was applied. The definition of MFC-based

MRD (MFC MRD) positivity required the presence of no
less than 250 clustered leukemic cells/106 total events
(threshold of 2.5×10−4 residual leukemic cells). Bone mar-
row WT1 expression between 0 and 250 copies/Abl x 104

was assumed to be physiological (WT1 negative) on the
basis of ELN experience. The cumulative incidence (CI) of
relapse at various time points was calculated in compet-
ing risk analysis using the Fine and Gray subdistribution
relative hazard method, counting non-relapse mortality
(NRM) as a competing event.

After a median follow up of 64 months (95% CI 50.3 –
77.3 months), 62 patients relapsed (27.7%). Both WT1
and MFC MRD status had a significant impact on relapse
probability. Patients with pre-transplant positive MRD
by MFC or WT1 expression had a significantly higher
incidence of relapse, accounting for 30% and 42%,
respectively, as compared to 8.3% for MFC MRD nega-
tive patients and 21.3% for WT1 negative patients
(P<0.003 and P<0.001, respectively).

A linear correlation between WT1 expression levels
and relapse probability was not found. On the contrary,
we found a trend for a higher relapse risk with increasing
levels of MFC MRD. The incidence of relapse was 8.3%
in patients with undetectable MFC MRD (2/24) com-
pared to 17.4% (4/23) and 31.4% (27/86) in patients with
MFC MRD in the range of 0.025-0.1% and 0.1-1%,
respectively. For MFC MRD levels greater than 1% a lin-
ear correlation with relapse risk was no longer observed
(31.9%, 29/91). All patients with undetectable MFC
MRD were also WT1 negative. 

WT1-based MRD (WT1 MRD) positive patients had
the highest risk of relapse (negative predictive value
(NPV): 79%; positive predictive value (PPV): 42%)
whereas patients with undetectable MFC MRD had a
very low relapse risk (NPV: 92%, PPV: 30%). The com-
bined MRD evaluation was able to stratify patients into
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Table 1. Clinical features of patients and pre-HSCT MRD status.
MFC MRD WT1 MRD MFC MRD negative MFC MRD positive MFC MRD positive
Positive Positive WT1 MRD negative WT1 MRD negative WT1 MRD positive

(%) (%) (%) (%) (%)

ALL PATIENTS (224) 200 (88) 63 (28) 24 (12) 137 (60) 63 (28)
ALL CR1 PATIENTS (161) 143 (89) 42 (26) 18 (11) 101 (63) 42 (26)
Cytogenetic Risk Favorable 7 (5) 4 (10) 0 (0) 3 (3) 4 (10)

Intermediate 107 (75) 29 (69) 17 (94) 78 (77) 29 (69)
Unfavorable 29 (20) 9 (21) 1 (6) 20 (20) 9 (21)

ELN 2017 Low-risk 6 (4) 3 (7) 4 (22) 3 (3) 3 (7)
Intermediate-risk 80 (56) 23 (55) 12 (67) 57 (56) 23 (55)

High-risk 57 (40) 16 (38) 2 (11) 41 (41) 16 (38)
ALL CR2 PATIENTS (63) 57 (90) 21 (33) 6 (10) 36 (57) 21 (33)
Cytogenetic Risk Favorable 10 (18) 0 2 (33) 10 (28) 0

Intermediate 43 (75) 20 (95) 4 (67) 23 (64) 20 (95)
Unfavorable 4 (7) 1 (5) 0 (0) 3 (8) 1 (5)

ELN 2017 Low-risk 16 (28) 4 (19) 4 (66) 12 (33) 4 (19)
Intermediate-risk 29 (51) 13 (62) 1 (17) 16 (45) 13 (62)

High-risk 12 (21) 4 (19) 1 (17) 8 (22) 4 (19)
MFC: multicolor flow cytometry; MRD: minimal residual disease; CR: complete remission; ELN: European LeukemiaNet.  



3 groups: WT1 MRD negative (24/224, 12%), MFC MRD
positive but WT1 MRD negative (150/224, 67%), and
MFC MRD positive and WT1 MRD positive (50/224,
21%). These groups showed different relapse rates: 2/24
(8.3%) in MFC MRD negative patients, 35/150 (23.3%)
in MFC MRD positive-WT1 negative patients, and 25/50
(50%) in patients who were positive for both MRD
markers (P<0.0001). The combination allowed patients
to benefit from both the high PPV of WT1 MRD and the
high NPV of MFC MRD.

Multivariate logistic regression analysis showed com-
bined MRD evaluation as the strongest independent pre-
dictor of relapse probability (P<0.0001). In competitive
risk analysis, the 3-year CI of relapse was 25.9% (Figure
1). A lower CI of relapse was significantly associated
with the occurrence of acute graft versus host disease
(aGvHD) and negative MRD status before transplanta-
tion, measured by any method. MFC MRD negativity
was the strongest predictor of a lower CI of relapse.
Among MFC MRD positive patients, WT1 positive MRD
status was capable of identifying patients with a signifi-
cantly higher CI of relapse (P<0.0001). In multivariate
analysis, the predictive value of combined MRD was
found to be independent of induction therapy, donor
type, conditioning regimen, disease status at HSCT,
HSCT year and risk group. Combined MRD evaluation
and the occurrence of aGvHD were the only predictors of
a lower CI of relapse (P<0.001 and P=0.06, respectively).

Of note, patients with negative MFC MRD in first or
second CR undergoing HSCT had a similar cumulative
relapse risk (Figure 1), with a 3-year CI of relapse of 8.4%

and 5.6%, respectively (P=not significant [n.s.]).
Similarly, MFC MRD positive/WT1 MRD negative
patients had a 3-year CI of relapse of 17.3% and 18.5%
for CR1 and CR2 patients, respectively (P=n.s.). Patients
who were MRD positive by both methods, undergoing
transplant in CR1 or CR2 had a similar, very high CI of
relapse (Figure 1). One hundred and three patients died,
55 (53.4%) due to disease relapse. 

Median overall survival (OS) was 74 months, and 3-
year OS was 56.2% (Figure 2). The probability of long-
term survival was significantly affected by HSCT year,
conditioning intensity, MRD status before transplanta-
tion (evaluated by WT1 and combined modality), and
type of donor, with better results observed for haploiden-
tical (HAPLO) transplantation, followed by human
leukocyte antigen  (HLA)-identical transplant, when
compared to unrelated donors (P<0.05, P<0.03, P<0.003
and P<0.001, respectively; data not shown). 

The OS rate of MFC negative/WT1 negative, MFC pos-
itive/WT1 negative and MFC positive/WT1 positive was
73.5, 60 and 36.7%, respectively (Figure 2). Multivariate
OS analysis revealed that the combined MRD evaluation
and conditioning intensity were independent predictors
of OS (P<0.001 and P<0.005, respectively), with a better
outcome observed for patients receiving myeloablative
conditioning. Better OS was associated with myeloabla-
tive conditioning (P=0.004) and negative combined MRD
(P<0.001). The predictive value of MRD was found to be
independent of induction schedules, donor type, disease
status at transplantation and risk group.

In the study herein, patients with undetectable MFC
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Figure 1. CI of relapse according
to combined MRD and disease
status at transplantation. (A) CI of
relapse in all patients. B) CI of
relapse in all patients according to
combined MRD. C) CI of relapse in
patients transplanted in CR1
according to combined MRD, and
D) CI of relapse in patients trans-
planted in CR2 according to com-
bined MRD. Cum: cumulative;
MFC: multicolor flow cytometry;
MRD: minimal residual disease.

A B

C D



MRD had a very favorable post-HSCT outcome, confirm-
ing recent reports by the Seattle group.5 Notably, a stan-
dardized and widely recognized cutoff to define MFC
MRD positivity in AML is not available and different
thresholds have been applied, ranging from any positive
value to 0,1%.3,5,10,11 Furthermore, a linear correlation
between MFC MRD level and relapse risk has not always
been reported. In patients with NPM1 mutation or
t(8;21), molecular analysis supported the accuracy of our
MFC MRD data, since all MFC MRD negative patients
also resulted negative for their specific marker, whereas a
large proportion of MFC MRD positive patients were
molecularly positive. Although a lower MFC threshold
allowed for the identification of patients with a homoge-
neous very low CI of relapse, it may lack specificity in
some clinical settings, such as in the case of regenerating
marrow, or AML with monocytic differentiation, where,
on occasion, the leukemic phenotype is not easily differ-
entiated from that of normal cells. Moving the MFC pos-
itivity threshold to 0.1% enhances the specificity of our
analysis, at the price of a parallel increase in the relapse
rate of MFC MRD negative patients (false MRD negative
patients). For these reasons, we integrated MFC informa-
tion with molecular WT1-based MRD evaluation.
Jacobsohn et al. showed that elevated WT1 gene expres-
sion in peripheral blood before HSCT in pediatric AML
was able to predict relapse and poor long-term event-free
survival (EFS).12 Candoni et al. recently reported on a

series of FLT3 AML patients undergoing transplant, stat-
ing that the CI of relapse was lower in patients who were
WT1-negative at the time of transplantation compared
with those who were WT1-positive.13 To the best of our
knowledge, no larger studies have explored the useful-
ness of integrating MFC and molecular tools in predicting
post-transplant relapse. Our combined approach takes
advantage of the high sensitivity of the MFC technique,
with a lower cutoff and specific molecular analysis. 

Our results confirm the high prognostic value of pre-
HSCT MRD status for patients transplanted in both CR1
and CR2. The similar outcome between CR1 and CR2
patients outlines that the persistence of chemotherapy
resistant leukemic cells in MRD positive patients is the
most relevant indicator of outcome. The observation that
the majority of patients receiving conventional therapy
achieve only MRD positive CR highlights the strong need
of new drugs for induction, consolidation and salvage
treatment in order to achieve a pre-transplant MRD neg-
ative CR status.

We have previously demonstrated that, in patients
with increasing WT1 levels during post-transplant follow
up, pre-emptive donor lymphocyte infusions (DLI)
improved survival as compared to patients who did not
receive DLI.14,15 In this view, pre-transplant MRD positive
patients might receive prophylactic DLI to reduce relapse
risk and improve survival. An additional possibility could
be prophylactic treatment with hypomethylating agents,
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Figure 2. Overall Survival (OS)
according to combined MRD and
disease status at transplantation.
A) OS in all patients. B) OS in all
patients according to combined
MRD. C) OS in patients transplant-
ed in CR1 according to combined
MRD, and D) OS in patients trans-
planted in CR2 according to com-
bined MRD. Cum: cumulative;
MFC: multicolor flow cytometry;
MRD: minimal residual disease.
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histone deacetylase  (HDAC) inhibitors or therapy with
targeted drugs according to the mutational pattern at
diagnosis.

In conclusion our combined cytofluorimetric and
molecular MRD assessment improves the prognostic
value of pre-transplant MRD evaluation, and might be
useful for selecting the intensity of conditioning and driv-
ing post-transplant interventions.
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