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Acute megakaryoblastic leukemia is characterized by heterogeneous biology and clinical
behavior. Immunophenotypic characteristics include the expression of megakaryocytic
differentiation markers (e.g. CD41, CD42a, CD42b, CD61) associated with immaturity
markers (CD34, CD117, HLA-DR) and myeloid markers (e.g. CD13, CD33) and even with
lymphoid cross-lineage markers (e.g. CD7, CD56). Although the diagnostic immunophe-
notype has already been well described, given the rarity of the disease, its immunophe-
notypic heterogeneity and post-therapeutic instability, there is no consensus on the
combination of monoclonal markers to detect minimal/measurable residual disease
(MRD).
Currently, MRD is an important tool for assessing treatment efficacy and prognostic risk. In
this study, we evaluated the immunophenotypic profile of MRD in a retrospective cohort of
patients diagnosed with acute megakaryoblastic leukemia, to identify which markers, posi-
tive or negative, were more stable after treatment and which could be useful for MRD evalu-
ation. The expression profile of each marker was evaluated in sequential MRD samples. In
conclusion, the markers evaluated in this study can be combined in an MRD immunophe-
notypic panel to investigate for megakaryoblastic leukemia. Although this study is retro-
spective and some data are missing, the information obtained may contribute to
prospective studies to validate more specific strategies in the detection of MRD in acute
megakaryoblastic leukemia.
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Introduction

Acute megakaryoblastic leukemia (AMKL), classified by the
World Health Organization (WHO) 2022 revision as leukemia
defined by cell differentiation when the defining genetic
abnormalities are unknown, is a rare subtype of acute mye-
loid leukemia (AML)," First described by von Boros et al. in
1931, AMKL develops from primitive megakaryoblasts.”>
AMKL is characterized by the presence of specific antigens of
the megakaryocytic lineage in the blast cell membrane as
detected by flow cytometry, immunohistochemistry or by the
presence of platelet peroxides.” It is more frequent in children
than adults, representing 4—-15 % and less than 1 % of AML
cases, respectively.>® In adults, it tends to occur between the
ages of 50 and 60.>°

For the diagnosis of AMKL, at least 20 % of blasts are
required in the bone marrow (BM), of which at least 50 %
must be from the megakaryocytic lineage.” However, mor-
phological identification of megakaryoblasts is not sufficient
to diagnose AMKL.® According to WHO criteria, the diagnosis
of megakaryoblastic differentiation must include expression
of one or more platelet glycoprotein markers, such as CD41a
(glycoprotein IIb), CD42b (glycoprotein 1b) or CD61 (glycopro-
tein Illa) identified by flow cytometry in blast cells."

Therefore, the megakaryocytic markers CD41a, CD42b and
CD61 are essential for the immunophenotypic characteriza-
tion of AMKL. The immunophenotypic profile of AMKL also
includes the absence of myeloperoxidase expression, the het-
erogeneous expression of stem cell markers such as CD34,
CD117and HLA-DR, the expression of some myeloid markers
such as CD13 and CD33 and also CD36, an erythroid and
megakaryocytic marker. In addition, the T/NK lymphoid line-
age markers CD7 and CD56 are frequently expressed in this
leukemia subtype.®®?

However, AMKL may has a heterogeneous immunopheno-
type, with some markers being expressed in only one of the
blast subpopulations. More comprehensive studies to define
immunophenotypic profiles are limited due to the rarity of
the disease.®

AMKL is subdivided in three groups based on cytogenetic
and molecular alterations: children with Down Syndrome
(DS), children without DS and adults usually without DS.*
Each group has different genetic alterations that are associ-
ated with different outcomes.'°

Children with DS-AMKL have the uniform presence of tri-
somy 21 (T21) and GATA1 mutations, which are accompanied
by mutations in chromatin regulators such as cohesin subu-
nits and EZH2 or signaling molecules such as JAK/STAT and
RAS pathways.’® *® The combination of trisomy 21 and
GATAL1 is also responsible for the development of transient
myeloproliferative disorder or transient abnormal myelopoie-
sis (TAM) in DS as observed in the first months of life in up to
30 % of newborns with DS.>*° Most patients with TAM achieve
spontaneous resolution within weeks of diagnosis although
approximately 10 % to 20 % of patients experience disease
progression to AMKL within 3 to 4 years of life.>'* This pro-
gression is associated with the acquisition of additional
mutations and clonal expansion.'®"** DS patients older than
four years of age rarely have AMKL associated with a GATA1

mutation,’” however, they have an estimated 150 to 500 times
greater risk of developing AMKL compared to children with-
outDS.’

In contrast, children with non-DS-AMKL characteristically
lack GATA1 mutations.’® The RBM15-MKL1 fusion or t(1;22)
(p13.3;9q13.1) is pathognomonic of non-DS-AMKL and some
recurrent genetic alterations have also been described.”’-*?
The prognosis including mortality for this group is worse
than that of children with DS.>'%*?

In adults, the most common molecular abnormalities in
AMKL are inv(3)(921;126), t(9;22)(q34;q11), aberrations of chro-
mosomes 5 and 7, and complex kariotypes.®'’ Molecular
changes in adult AMKL may be related to mutations in the
cohesin and splicing component genes, as well as TP53 and
DNMT3A."*"

AMKL can also evolve from a myelodysplastic neoplasm
(MDS) or a myeloproliferative neoplasm.?

The coexistence of MDS and acute megakaryoblastic leu-
kemia usually causes an aggressive behavior of the disease,
which is more prevalent in the elderly, although reports in
the literature are rare.> Cytogenetic abnormalities, including
trisomy (8, —7q, —5q) and translocations [t(1;22), t(1;5) and
t(8;17)], are found more frequently in adults with AMKL
secondary to MDS than in other types of AMKL.?

A presence of t (9;22) indicates transformation from
chronic myeloid leukemia.®> AMKL can evolve from essential
thrombocythemia with a risk of leukemic transformation
varying from 1to 4 %."°

Adult patients with AMKL tend to have a worse prognosis
than pediatric patients with an overall survival of less than
one year, even for patients undergoing allogeneic hematopoi-
etic stem cell transplantation (alloHSCT)."”

There are few descriptions in the literature about the asso-
ciation of specific immunophenotypic profiles associated
with genetic subsets of AMKL, as has been described in other
acute leukemias.®'®"°

The persistence of chemo-resistant leukemia cells after
the induction of leukemia remission, that is minimal/measur-
able residual disease (MRD), is an important predictor of
relapse and shorter survival in patients with AML.>*** Due to
its prognostic relevance, the information about the MRD sta-
tus helps clinical decisions about post-remission therapy to
prevent leukemia relapse based on the risk of disease recur-
rence, especially when associated with genetic risk informa-
tion.”” Therefore, MRD is a predictive biomarker for AML in
subsets of patients at different times of treatment, such as
after induction and consolidation therapy, and before and
after hematopoietic stem cell transplantation (HSCT).??

One of the most applicable methods to monitor MRD in
AML is immunophenotyping by multiparametric flow cytom-
etry, through the detection of aberrantly expressed markers
in leukemia cells. The ability of current flow cytometers to
detect eight or more markers simultaneously enables a more
accurate MRD analysis.”* However, this potential can only be
achieved if sufficiently informative monoclonal markers are
used, together with the application of strictly controlled pre-
analytical processes.?*

The recommendation of the European LeukemiaNet (ELN)
2021 for MRD assessment in AML includes markers for leuke-
mia-associated immunophenotypes (LAIPs) observed at the
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time of diagnosis and for aberrant immunophenotypes
acquired after treatment (“different from normal”). ** This
enables the detection of early clones and emerging leukemic
clones, which may appear and/or disappear during treatment
and MRD monitoring.”* Both approaches require experience
in recognizing aberrant populations among normal back-
ground cell populations, as well as establishing validation
strategies for MRD assessment.”’

The core markers recommended by the ELN 2021 for
assessing MRD in AML are CD34, CD117, CD45, CD33, CD13,
CD56, CD7, HLA-DR.”!

Given the phenotypic instability of AML after treatment, it
is important to recognize the stability and frequency of
expression of different markers during therapy. Due to the
rarity of AMKL, there is no consensus in the literature about
the most relevant markers for the detection of MRD. This
study aims to retrospectively evaluate the diagnostic and
post-treatment immunophenotypic profiles of AMKL patients
to identify potentially useful markers for MRD detection.

Patients and methods

This study was approved by the institutional ethics commit-
tee (CAAE: 60695522.7.0000.5434).

Patients

The inclusion criterion for patients in the study was the diag-
nosis of AMKL. Patients lacking information on the immuno-
phenotype of the diagnosis or evaluation of MRD were
excluded from the study. Seven patients, aged 1 to 52 years,
diagnosed with AMKL according to WHO criteria were
included in the study.

Of the included patients, four were female (57 %) and three
were male (43 %) (five pediatric (71 %) and two (28 %) adults).
Two pediatric patients had Down Syndrome. Six patients
were diagnosed with primary AMKL and one with AMKL sec-
ondary to MDS.

Six out of the seven patients underwent allogeneic HSCT.
Four of the six transplanted patients died: one of leukemia
relapse, one of acute pulmonary graft-versus-host disease
(GVHD), one of graft loss and one of sepsis. Of the two patients
who survived HSCT, one diagnosed with MDS had trisomy 8
and an IHD2 mutation and one child had non-DS-AMKL. One
pediatric patient with DS-AMKL was not transplanted and
died from treatment complications.

Table 1S shows the characteristics and clinical evolution of
these patients.

Methods
Data collection

This retrospective study used the flow cytometry laboratory
database and information from the medical records of patients
treated with AMKL at the Hospital Amaral Carvalho from Janu-
ary 2012 to December 2022. The diagnostic immunophenotypes
were compared with the MRD immunophenotype of 18 samples

evaluated at each evaluation moment, such as after induction,
consolidation, and pre and post-HSCT. Three patients were not
diagnosed at the institution but had information about the ini-
tial immunophenotype in their medical records.

Data evaluation

Descriptive analysis was performed, comparing the per-
centages and expression intensities of each marker at the
time of diagnosis and post-treatment (MRD) to assess
losses, gains or stability of expressions. By definition, the
expression of a marker was considered positive when its
intensity was above one decade in a fluorescence scatter-
plot in the FCS file (FCS). In addition, lymphocytes from
each sample were used as negative internal controls for
the myeloid lineage. Intensities of the marker expressions
were defined according to the description in the reports.
Any MRD value found was considered for the study, even
if it was below the cutoff point considered clinically rele-
vant (0.1 %), as the objective was to assess the stability of
monoclonal markers at different times of treatment,
regardless of the MRD level. The percentages of samples
with the respective expression of each immunophenotypic
marker in the MRD evaluations were calculated in relation
to the total number of evaluable samples for each marker.
In this evaluation, even samples without the expression of
some markers at the time of diagnosis, but which were
observed after treatment, were included.

Immunophenotyping

The pre-analytical and analytical protocols were used as pre-
viously described, including the AML diagnostic panel.®?*
These standard operating procedures (SOPs) are used daily in
our laboratory to ensure the intra-laboratory linearity and
reproducibility of the tests.

For MRD assessment, 8-color monoclonal antibody panels
were customized according to the initial immunophenotype,
but some markers were common for most cases, such as CD7,
CD13, CD33, CD34, CD45, CD56, CD117 and HLA-DR. For this
reason, they were selected for the study and because they are
the same markers recommended by the ELN for MRD in
AML.?* Furthermore, two megakaryocytic differentiation
markers, CD42a and CD61, were included both conjugated to
the same fluorochrome. Both LAIPs and different-from-nor-
mal approaches were used for MRD detection in this study.
Table 2S shows the specifications of the markers selected for
the study.

Samples were acquired in BD FACSCanto II and BD FAC-
SLyric 10 flow cytometers. The number of acquired events
ranged from 1 to 5 million per tube. Bulk lysis was used to
concentrate the sample and achieve 5 million acquired events
per tube.

The software used for the analyses was Infinicyt
(Cytognos)™. Figure 1S shows the differentiation between
true expression of megakaryocytic markers in blast cells and
platelet satellitism. Figure 2S illustrates a gating strategy used
for case analysis.



HEMATOL TRANSFUS CELL THER. 2024;46(4):542—-548 545

Results

During treatment, almost all the markers studied showed varia-
tions in their expression and in the percentage of positive cells.

Five out of the seven cases evaluated had CD7 expression
at diagnosis, which was maintained during the evolution,
although fluctuations in cell frequency (increases and
decreases) and in the intensity of marker expression were
observed (Tables 2 and 3S). Two cases did not show CD7
expression at diagnosis, but became positive in MRD evalua-
tions and one of them became negative again in the pre-HSCT
sample (Table 3S).

CD13 was present in two cases at diagnosis, but was
expressed in six cases in MRD assessments with variations in
the intensity of expression (Table 2). In the two initial cases,
CD13 showed heterogeneous expression at diagnosis, homo-
geneous expression during treatment, with expression oscil-
lations and even absence of expression (Table 3S).

CD33 was detected in six cases at diagnosis and in all
seven cases studied during the MRD assessments. Variations
in the intensity of expression and in percentage of positivity
were observed throughout the evolution (Tables 2 and 3S).

CD34 is frequently expressed on AMKL cells.® In this series
CD34 was expressed in all seven studied cases. During evolu-
tion, CD34 showed a reduction in the percentage of positive
cells and loss of expression in two of the seven studied cases,
with stable expression intensity in the remaining cases
(Table 3S).

CD45 was evaluated in five cases at diagnosis and was
expressed in four of them. CD45 expression was weak and
homogeneous, but in two cases it became heterogeneous dur-
ing treatment. The case without CD45 expression at diagnosis
had transient positive expression during treatment. Informa-
tion on CD45 was lacking in the other two cases as they were
not initially diagnosed at our institution, but in the MRD eval-
uations both were positive (Table 3S).

CD117, a stem cell marker, was positive in 6/7 cases. In the
case without expression of the marker, there was a transitory
positivity in leukemic cells in the MRD evaluations. It was
observed that the expression of this marker was always weak
but stable (Tables 2 and 3S).

HLA-DR was the marker with the lowest frequency of
expression at diagnosis (3/7 cases) but became positive in two
of the four negative cases. Its expression oscillated between
heterogeneous and positive in 5/7 cases (Table 3S).

CD56 was studied in 5/7 cases and was expressed in two. In
one case there was only one MRD assessment and in the other
the expression of this marker remained positive after treatment.

The megakaryocytic lineage-specific markers, CD42a and
CD61, were expressed in 6/7 cases evaluated at diagnosis.
They were positive in the MRD assessment in all seven cases,
showing transient negativity in only one of the seven cases.
The combination of CD42a and CD61 had homogeneous
expressions at all the time points of treatment in 7/7 cases. In
2/7 cases there was positivity in only one of the blast cell sub-
populations (Tables 2 and 3S).

The percentages of samples with the presence of each
immunophenotypic marker in the MRD assessments are
shown in Table 1.

Table 1 - Minimal/measurable residual disease from
patients with acute megakaryoblastic leukemia and the

percentage of positivity for each marker studied in rela-
tion to the total number of samples in which they were
evaluated.

Total MRD samples MRD samples with
evaluated for each positive marker
marker (N) expression n (%)

CD7 15 12 (80)

CD 13 12 10 (83)

CD 33 16 16 (100)

CD 34 17 15 (88)

CD 42a/CD61 17 16 (94)

CD 45 17 14 (82)

CD56 3 3(100)

CD 117 16 15 (94)

HLA-DR 17 12 (70)

Discussion

This study aimed to identify better strategies for the detection
of MRD in AMKL. There is little information in the literature
with sufficient sensitivity and precision for clinical use that
allows the establishment of a standardized protocol to assess
MRD in AMKL.

AMKL does not have a reliable molecular marker for moni-
toring MRD, although a few studies have used GATAI muta-
tions in non-clinical trial settings.”*~*® There are no
references on the detection of MRD using other molecular
lesions related to AMKL.

Multiparametric flow cytometry is applicable in > 90 % of
patients to monitor MRD in AML with adequate sensitivity for
use in the clinical practice considering the clinically relevant
cutoff of 0.1 %.”" Therefore it is necessary to recognize robust
immunophenotypic markers and use appropriate analysis
strategies to accurately detect residual leukemia cells. In
addition to the appropriate choice of a monoclonal marker
combination, rigorous and continuous use of pre-analytical
and analytical SOPs are essential to ensure reliable MRD
results.”’?®

Lack of post-therapeutic phenotypic stability in AML has
been described and is expected in MRD assessments.”’
Despite the small number of AMKL samples in this study,
there were some variations in the percentage of positive cells
and expression intensities of the studied markers (CD7, CD13,
CD33, CD34, CD45, CD56, CD117 and HLA-DR) during the treat-
ment which did not compromise MRD detection. This indi-
cates the usefulness of these markers, the same markers
previously recommended for MRD in AML, in panels targeting
MRD of AMKL.?*

It should be noted that CD34, CD45, CD117 and HLA-DRu-
sually have variable expressions in AMKLS®, and both the
absence and positive expression of one or more can contrib-
ute to the diagnosis.®? These variations can characterize the
asynchrony of expression of these markers and, as seen in
this study, are suitable for the detection of MRD.

Although all markers selected in this study were relatively
stable after treatment, CD33 and CD117 showed greater



Table 2 - Expression percentages of each monoclonal marker in the diagnosis and assessment of MRD at different stages of treatment in patients with AMKL.

Patient Time of assessment CD7 CD13 CD33 CD34 CD42a/CD61 CD45 CD56 CD117 HLA-DR Blasts
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
P1 Diagnosis 9.2 58 Neg. 44.6 100 100 Neg 100 Neg 52
Post 1st Induction 31.6 91 100 15 100 100 NA 100 38 8.0
Post 2st Induction Subpopulation 1 (33 %) 71 29 57 44 Neg 100 NA 58 100 5.6
Subpopulation 2 (67 %) Neg 100 70 56 100 100 NA 100 Neg
Pre HSCT Subpopulation 1 (44 %) 31 Neg 100 50 Neg. 100 NA 100 100 0.3
Subpopulation 2 (56 %) Neg 77 100 60 100 100 NA 100 100
Post HSCT D + 83 34 100 15 Neg. 100 100 NA 100 14.4 12.0
Relapse after HSCT (After 2CDA) 28 100 52 0.22 100 100 NA 100 24 49.5
P2 Diagnosis 100 40 100 37 93 100 45 93 15 15.0
CSF 100 NA NA 100 100 100 100 100 100 22.0
Post 1st Induction 16 100 100 100 4 100 76 80 90 0.45
P3 External diagnosis NA Neg 100 100 100 100 NA 100 Neg NI
Pre HSCT Neg 70 100 7.5 100 Neg 100 100 Neg 0.04
P4 External diagnosis 100 Neg 100 Neg Neg NA Neg Neg 100 30.0
Pre HSCT 26 100 100 100 100 100 Neg 65 100 34
P5 Pre HSCT 20 100 60 100 100 50 Neg 100 100 14
P6 Diagnosis MDS (11 % megakaryoblasts) Neg Neg 100 65 100 Neg NA Neg Neg 11.0
30 days after diagnosis NA NA 86 40 100 Neg NA 14 Neg 8.0
90 days after diagnosis NA NA 100 16 100 90 NA 48 Neg 8.5
7 months after diagnosis Neg NA 77 Neg 100 83 NA 8 Neg 9.5
9 months after- evolution to AMKL 56 NA 100 6 100 Neg NA Neg Neg 30.0
P7 Diagnosis Neg Neg 90 89 22 100 Neg 100 95 62.0
Post Induction Population 1 (58 %) 1.5 Neg 100 100 70 100 Neg 100 100 91.0
Population 2 (58 %) 1 Neg 70 90 Neg 100 Neg 70 83
Pre-HSCT Neg 100 100 100 135 100 3 100 100 35

MDR: Minimal/measurable Residual Disease; AMKL: Acute Megakaryoblastic Leukemia; HSCT: hematopoietic stem cell transplantation; MDS: myelodisplasic neoplasm; CSF: cerebrospinal fluid; NA: not
assessed; NI: not informed; Neg: negative.
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stability, demonstrating that they can be used as backbone
markers in the MRD panel for AMKL.

CD13, CD7 and CD56 were not expressed in all samples at
the time of diagnosis, but showed a high frequency of positiv-
ity in samples during treatment and played a role in the
detection of residual cells.

Although the use of megakaryocytic lineage markers to
detect AMKL MRD seems obvious, there are no descriptions of
their stability after therapy. The combination of CD42a and
CD61 proved to be quite stable (94 % positivity) in the MRD
post-induction and pre- and post-HSCT evaluations in respect
to the diagnostic samples. Furthermore, in the two cases with
positivity for these two markers in only one subpopulation of
blasts at diagnosis, there was persistence of only the population
expressing CD42a/CD61, indicating that perhaps this cell
population is more resistant to treatment. In conclusion, both
markers have high sensitivity for diagnosing megakaryoblasts®
and can be considered reliable for MRD assessments in AMKL.

Therefore, we conclude that the markers selected for this
study can be combined into a panel for MRD of AMKL.

It should be noted that there are few reports in the litera-
ture on the use of MRD in AMKL to assess response to treat-
ment, but there are no descriptions of the monoclonal
markers used in these studies, which would allow compari-
son with our data. Some reports associate immunopheno-
typic markers with prognosis®°~**, but there are no references
on the stability of these markers after treatment.

AMKL is a rare disease with a poor prognosis.”*” An accurate
MRD result can provide information about the biological behavior
of the disease so that the most appropriate treatment can be
offered in each situation, especially for patients with Down Syn-
drome, who are more susceptible to treatment toxicity."***

The limitations of this study was its retrospective nature with
some missing data and a small number of cases due to the rarity
of the disease. Despite of this, the information obtained here can
contribute to prospective and multicentric studies to validate
more specific strategies in the detection of MRD in AMKL includ-
ing the real role of megakaryocytic markers, thereby contributing
to the management of these patients.
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