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ABSTRACT
Background

Mixed phenotype acute leukemia (MPAL) represents a diagnostic and therapeutic dilemma.
The European Group for the Immunological Classification of Leukemias (EGIL) scoring system
unambiguously defines MPAL expressing aberrant lineage markers. Discussions surrounding it
have focused on scoring details, and information is limited regarding its biological, clinical and
prognostic significance. The recent World Health Organization classification is simpler and
could replace the EGIL scoring system after transformation into unambiguous guidelines.

Design and Methods

Simple immunophenotypic criteria were used to classify all cases of childhood acute leukemia
in order to provide therapy directed against acute lymphoblastic leukemia or acute myeloid
leukemia. Prognosis, genotype and immunoglobulin/T-cell receptor gene rearrangement status
were analyzed.

Results

The incidences of MPAL were 28/582 and 4/107 for children treated with acute lymphoblastic
leukemia and acute myeloid leukemia regimens, respectively. In immunophenotypic principal
component analysis, MPAL treated as T-cell acute lymphoblastic leukemia clustered between
cases of non-mixed T-cell acute lymphoblastic leukemia and acute myeloid leukemia, while
other MPAL cases were included in the respective non-mixed B-cell progenitor acute lym-
phoblastic leukemia or acute myeloid leukemia clusters. Analogously, immunoglobulin/T-cell
receptor gene rearrangements followed the expected pattern in patients treated as having acute
myeloid leukemia (non-rearranged, 4/4) or as having B-cell progenitor acute lymphoblastic
leukemia (rearranged, 20/20), but were missing in 3/5 analyzed cases of MPAL treated as hav-
ing T-cell acute lymphobastic leukemia. In patients who received acute lymphoblastic leukemia
treatment, the 5-year event-free survival of the MPAL cases was worse than that of the non-
mixed cases (53+10% and 76+2% at 5 years, respectively, P=0.0075), with a more pronounced
difference among B lineage cases. The small numbers of MPAL cases treated as T-cell acute
lymphoblastic leukemia or as acute myeloid leukemia hampered separate statistics. We com-
pared prognosis of all subsets with the prognosis of previously published cohorts.

Conclusions

Simple immunophenotypic criteria are useful for therapy decisions in MPAL. In B lineage
leukemia, MPAL confers poorer prognosis. However, our data do not justify a preferential use
of current acute myeloid leukemia-based therapy in MPAL.
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Introduction

In most cases of acute leukemia, immunophenotyping
unambiguously identifies the primary lineage [myeloid, B-
cell precursor (BCP) or T lineage] of the leukemic cells.
However, there are uncommon cases that are difficult to
assign to one lineage; these patients are diagnosed as hav-
ing mixed phenotype acute leukemia (MPAL, otherwise
known as acute biphenotypic or hybrid leukemia). MPAL
account for 3-5% of all cases of acute leukemia.' The des-
ignation of MPAL describes one of three conditions: acute
leukemia with two distinct leukemic blast populations,
each belonging to a different lineage;* acute leukemia with
an early switch from one lineage to another;** and acute
leukemia with marked expression of aberrant molecules
(those that are physiologically expressed in a different lin-
eage).”” Since aberrant molecules are frequently expressed
by leukemic blasts,®" there is a need to distinguish
patients with typical less prominent aberrant expression
from patients with “genuine MPAL”.

The European Group for the Immunological
Classification of Leukemias (EGIL) has created a scoring
system that assigns score points to major antigens. Cases
exceeding a given threshold for myeloid and at least one
lymphoid lineage are considered MPAL."*"* To our knowl-
edge, this has been the only standard international defini-
tion of MPAL until recently. In studies carried out in a sin-
gle institution, an alternative definition of MPAL was
applied which emphasized solely the antigens with the
highest EGIL score points: cytoplasmic expression of
CD79a, IgM, CD3, and myeloperoxidase (MPO)."*

Recently, a new World Health Organization (WHO)
classification of acute leukemia listed several molecular
genetic subtypes of acute myeloid leukemia (AML), sub-
types of B precursor acute lymphoblastic leukemia (ALL)
also separated by molecular genetics, T lymphoblastic
leukemia, four subsets of MPAL and acute undifferentiat-
ed leukemia. Typical immunophenotypic findings are
reviewed for each entity. Clear-cut distinctions between
strong and weak expression as well as percentage require-
ments for positivity (most importantly, positivity for
MPO) are yet to be stated. Standardized categorizing into
groups for different types of treatment (myeloid- or lym-
phoid-directed) was not in the scope of this WHO classi-
fication.”"® In consequence, in the routine clinical setting,
there is no consensus on the strategy to assign patients
with MPAL to either lymphoid- or myeloid-directed treat-
ment. In clinical practice, treatment decisions may be
based on morphology (which is frequently ambiguous),
immunophenotypic details (with undetermined weight of
the molecules which may conflict with each other), cyto-
genetic or molecular genetic data (which are usually
unavailable at the very beginning of treatment, and often
show no typical gene fusion) and other findings. The
resulting treatment heterogeneity complicates the search
for recommended treatments, especially in MPAL.

Here we present information on a population-based
cohort of children who received treatment on the basis of
standard, simple immunophenotypic criteria. Special
attention is paid to the MPAL cases. Although the EGIL
scoring system for MPAL has been appraised many times
during the last decade, little is known about its prognostic
significance. The primary aim of this study was to eluci-
date the effect of lymphoid-directed treatment in MPAL
cases that fulfill the definition for ALL and to determine
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whether available myeloid-directed approaches in these
patients are advisable.

Design and Methods

Patients

All Czech patients under 18 years of age with newly diagnosed
primary acute leukemia and with a centrally investigated
immunophenotype between September 1996 and August 2006
entered this study. Details on the patients, processing of samples,
treatment protocol selection, monoclonal antibodies, genotype sub-
sets, other cytogenetic and molecular genetic investigations, detec-
tion of immunoglobulin and T-cell receptor gene rearrangements and
statistics are provided in the Online Supplementary Design and Methods
section.

Treatment-determining molecules and EGIL scoring for
mixed phenotype acute leukemia

Expression of all molecules was assessed by binding fluorochrome-
labeled monoclonal antibodies to the leukemic blast population using
standard flow cytometry." BCP-ALL treatment was administered in
cases with positive expression of two of the following: CD19, CD22
and CD79a. T-ALL treatment was administered in cases with posi-
tive expression of CD7 and CD3 together with MPO negativity or
positivity in fewer than 30% blasts. AML-directed treatment was
administered in cases with positive expression of two of the follow-
ing: CD13, CD33, CD65, CD117 and MPO, together with the
absence of ALL-defining criteria. MPAL was defined using the EGIL
criteria using scores for particular antigens in three lineages.””" B lin-
eage EGIL score points were: 2.0 (CD79a and CD22), 1.0 (CD10,
CD19 and CD20) and 0.5 (TdT and CD24). T lineage EGIL score
points were: 2.0 (CD3, T-cell receptor off and T-cell receptor v9), 1.0
(CD2, CD5, CD8 and CD10) and 0.5 (TdT, CD1a and CD7). Myeloid
lineage EGIL score points were: 2.0 (MPO), 1.0 (CD13, CD33, CD65
and CD117) and 0.5 (CD14, CD15 and CD64). The EGIL score for a
particular lineage was calculated as the sum of the points that corre-
sponded to each positive antigen. Cases were considered to be MPAL
if the sum of EGIL scores was greater in both myeloid and at least
one of the lymphoid lineages.

Intracellular (MPO and TdT), intracellular and/or membrane
(CD79a, CD22 and CD3) and membrane (all other antigens) expres-
sion of antigens was considered both for the definition of ALL/AML
and for the MPAL EGIL score. Positivity for each antigen was defined
as 20% or more of the gated blasts cells carrying the antigen, unless
otherwise specified. CD64 was assessed only in cases in which the
sum of scores for MPO, CD13, CD14, CD15, CD33, CD65 and
CD117 was equal to 2.0. IgM was assessed only in cases that other-
wise fulfilled the definition of BCP-ALL.

Flow cytometric findings of all patients were interpreted by an
experienced specialist. Each interpretation included a diagnostic con-
clusion that assigned the respective patient to non-mixed acute
leukemia (BCP-ALL, T-ALL or AML) or to MPAL (treated as BCP-
ALL, T-ALL or AML). Molecular and cytogenetic testing was per-
formed instantly for all MPAL patients and all patients who were re-
classified due to an early switch between ALL and AML or because
of other laboratory findings.

The leukemic blast expression of all treatment-determining mole-
cules as well as of MPAL-scoring molecules was confirmed by simul-
taneous labeling, as recommended.” Patients with non-mixed EGIL
scores who fulfilled other MPAL definitions (i.e., an early switch
from ALL to AML or vice versa or those with simultaneous presence
of significant AML and ALL populations at diagnosis) are listed sepa-
rately and were omitted from all comparisons of patients with MPAL
and non-mixed acute leukemia.
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Results

Patients’ characteristics

In total, 693 patients were diagnosed between
September 1996 and August 2006 with primary acute
leukemia. Of these, 109, 501 and 83 fulfilled the criteria
for treatment with AML, BCP-ALL, and T-ALL regimens,
respectively. Of these, four patients were excluded.
Overall, the study patients represent approximately 98%
of all children diagnosed and treated with acute leukemia
during this period in the Czech Republic. Exclusion char-
acteristics and other details are specified in the Online
Supplementary Results section.

Frequency of a positive mixed phenotype acute
leukemia score in leukemia subtypes

Table 1 summarizes the frequency of MPAL among
acute leukemias. The frequency ratio between non-mixed
acute leukemias and their MPAL counterparts did not dif-
fer in patients treated as having AML and ALL or in BCP
and T-ALL. Among ALL-treated patients, MPAL was more
frequent in BCR/ABL-positive cases (P=0.043). Within the
BCP-ALL genotypes, MPAL was more frequent in cases of
MLL/AF4-positive acute leukemia (P=0.0073) and less fre-
quent in hyperdiploid acute leukemia (P=0.037). Although
TEL/AMLA1 was the most frequent genotype within BCP-
MPAL (41%), its frequency was not significantly different
from that in non-mixed ALL (28%, P>0.05).

In addition to genotype-defining chromosomal fusions,
we searched for additional MLL translocations (MLL/AF6,
MLL/AF9, MLL/AF10, MLL/ENL and MLL/ELL) and found
that all MPAL patients were negative. In addition,
although two patients carried FLT3-ITD, all other MPAL
patients were negative for FLT3-ITD and for FLT3-D835
activating mutations.

Prognosis of mixed phenotype acute leukemia

The total 5-year event-free survival rates of children
treated as having ALL and AML were 75+1.9% and
47+4.9%, respectively. Among patients receiving ALL-
directed treatment, those with MPAL had a significantly
lower event-free survival rate than those with non-mixed
acute leukemia (53+10% and 76+2% at 5 years, respec-
tively, P=0.0075, Figure 1A). This difference was more
pronounced in cases treated as BCP-ALL (45+11% versus
77+2.1% at 5 years, P=0.00083, Figure 1B). The prognosis
of cases treated as T-ALL is shown in Figure 1C (the differ-
ence was not compared statistically because of the low
numbers). Although the numbers of patients within geno-
type subsets were relatively small, MPAL was correlated
with a poorer prognosis among TEL/ANL1-positive
(P=0.018) and MLL/AF4-positive acute leukemia (P=0.019)
(Online Supplementary Figure S1A-B). The prognosis of
MPAL was not significantly different within BCR/ABL-
positive or non-hyperdiploid acute leukemias without list-
ed fusions (P>0.05). In a proportional hazard (Cox) regres-
sion analysis, positive MPAL scores correlated with a
worse outcome, even when BCP-ALL-treated patients
were stratified by genotype (P=0.0018). In addition, when
both EGIL score and genotype subset were treated as
independent variables in a multivariate analysis, EGIL
score correlated with prognosis with a higher degree of
significance than genotype (P=0.0019 and P=0.016,
respectively).

When only patients treated following the ALL-IC BFEM
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2002 or ALL BEM 95 protocols were selected from the
BCP-ALL-treated cohort, the difference in outcome seen
among patients on all BCP-ALL protocols remained statis-
tically significant (event-free survival at 5 years 55+13%
versus 78+2.1% in MPAL and non-mixed BCP-ALL,
respectively, P=0.043). Among non-infant patients with
BCP-ALL who received the ALL-IC BEM 2002 or ALL BFM
95 protocls, the prognosis of MPAL and non-mixed cases
remained significantly different (P=0.044).

Treated with ALL BFM 95 and ALL-IC BEM 2002 proto-
cols (in which the first 15 days of therapy are identical),
13.6% of the MPAL patients had very poor blast clearance
(M3 bone marrow morphology) at day 15 (comparable to
that of non-MPAL patients, 11.8%). On the other hand,
the percentages of M1 and M2 were different in MPAL
(36.4% and 50%, respectively) from those in non-MPAL
(64.1% and 24%, respectively). Overall, the differences in
day 15 clearance of blasts were statistically significant
between MPAL and non-MPAL cases (n=529, P=0.02, ¥’
test). No difference in the peripheral blood response to
prednisone on day 8 was noted between MPAL and non-
MPAL cases (P=0.78, %’ test).

The prognosis of patients treated with AML protocols is
shown in Figure 1D. Although our diagnostic criteria sep-
arated MPAL cases with T lineage antigens to receive
either ALL or AML-directed treatment, other studies may
merge them. We, therefore, analyzed the prognosis of
patients who fell into one of these categories, finding that

Table 1. Incidence of MPAL, defined by EGIL score, in subsets of acute
leukemia.

Type of acute leukemia and Non MPAL MPAL
treatment direction n. % n.
of patients of patients

ALL 554° 95 28 48

TALL 7 93 6° 72

B precursor ALL 477 96 22 44
TEL/AMLI 133 94 9 6.3
hyperdiploid 112 99 1 0.88
BCR/ABL 13 81 3 19
MLL/AF4 7 70 3 30
non-hyperdiploid ALL 193 97 6 3
without listed fusions
ALL without listed fusions, 19 95 1 5
DNA index unknown

AML 103 96 4 3.7

“Includes one BCR-ABL-positive FALL. "Includes one case with unknown TEL/AML], but
excludes two cases (one early switch from ALL to AML and one case of bilineal acute
leukemia) with MPAL defined by means other than EGIL score. The type of acute
leukemia was defined in a standard manner as described in the Design and Methods
section.

Table 2. Immunoglobulin and T-cell receptor gene rearrangements in
cases of MPAL.

MPAL Patients investigated for Patients with
treated as IGTCR rearrangements  at least one rearranged
IGTCR locus
] % investigated
BCP ALL 20 20 100%
TALL 5 2 40%
AML 4 0 0%

Summary data on all three MPAL subsets are shown. Details are in the Online
Supplementary Resulls..
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the 5-year event-free survival rate was 58+16%.

The prognostic impact of the EGIL score was compared
with the importance of each antigen separately in patients
who received a BCP-ALL treatment. No single antigen
conferred an unfavorable prognosis with a higher signifi-
cance than the EGIL score. At a 20% cut-off value, CD33,
CD65, MPO and CD13 correlated with significantly
worse prognosis (P=0.0039, P=0.0042, P=0.017 and
P=0.03, respectively), while CD14, CD15 and CD117 did
not correlate with prognosis (P>0.05 in all instances, data
not shown). The myeloid antigens did not correlate with T-
ALL prognosis (P>0.05 in all instances, data not shown). The
prognostic significance of CD64 was not analyzed statisti-
cally, as it was only assessed in a subset with a higher
number of other myeloid antigens. Multivariate analysis
of continuous data confirmed the significance of CD33
and CDG65 only, in line with our previous observation that
CD33 has a strong adverse prognostic impact.'

Unsupervised immunophenotype subset analysis
Unsupervised assessment of our immunophenotype
data using principal component analysis divided the cases
into three major categories (details in the Online
Supplementary Design and Methods and Results sections).
These categories corresponded to our classification of
assignment to BCP-ALL, T-ALL and AML therapy (Online
Supplementary Figure S2). Notably, principal component
analysis revealed several cases with an intermediate
immunophenotype between the AML and T-ALL clusters.
All these cases were classified as MPAL treated by T-ALL
protocols. In a three-dimensional view (Ounline
Supplementary Data), these MPAL cases were clearly sepa-
rated from both AML and non-mixed T-ALL clusters. The
MPAL cases treated as AML were not different from the
non-mixed AML cases in the principal component analy-
sis. Although MPAL cases treated as BCP-ALL were placed
eccentrically within the BCP-ALL cluster, they could not

1.0 A 1.0 !
0.8 208
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be distinctly separated from non-mixed BCP-ALL cases.

These results prompted us to ask whether “proximity to
AML,” as defined by the unsupervised principal compo-
nent analysis, had a greater prognostic impact than EGIL-
scored “phenotypic ambiguity”. We, therefore, selected
the 40 BCP-ALL cases whose immunophenotype had the
closest similarity to AML in the three-dimensional princi-
pal component analysis plot. Ten of these cases also had
mixed EGIL scores. Although the prognosis of these 40
cases was significantly poorer (5-year event-free survival
rate 60+8.2%) than that of the remaining patients who
received BCP-ALL treatment (n=440, 5-year event-free
survival rate 78+2.1%; P=0.0097, this difference was less
prominent than if the EGIL score was used for BCP-ALL
categorization.

Immunoglobulin and T-cell receptor gene clonality

All MPAL cases treated as BCP-ALL contained the typi-
cal clonal immunoglobulin (/G) and/or T-cell receptor
(TCR) gene rearrangements (Table 2). All but one of these
cases contained clonal /G rearrangements, whereas “cross-
lineage” TCR rearrangements were less common, with a
frequency that was similar to that in previously reported
cohorts of non-mixed ALL.” MPAL TEL/AML1 cases had
more rearrangements than other MPAL cases treated as
BCP-ALL (P=0.003, Mann-Whitney). In contrast, three of
five MPAL cases treated as T-ALL were negative for all
rearrangements in /G/TCR genes. None of the four MPAL
patients treated as having AML had the investigated
IG/TCR rearrangements.

Discussion
Prognostic relevance of mixed phenotype acute

leukemia; pros and pitfalls of existing definitions
In this study, all 689 patients (including the cases with

Figure 1. Treatment results of

s g 693 cases of acute leukemia.
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positive EGIL scores) were assigned, for the purposes of
therapy, to either one of the ALL lineages or to AML.
Although the cases of MPAL were of special diagnostic
interest, the simple treatment guidelines could be applied
to all of them and led to the outcomes discussed below.
The original proposal of the EGIL group identified MPAL
by simultaneous findings characteristic of AML and ALL.
This proposal did not, therefore, consider cases presenting
just with B and T lineage ALL (without myeloid) molecule
expression as MPAL."" Remarks on the potential over-
diagnosis of B/T MPAL® thus address a misinterpretation
of the original EGIL proposal rather than the proposal
itself. Like any scoring system, the EGIL system may be
criticized for misclassification as a result of the strict appli-
cation of arbitrary criteria. The presented population-
based analysis of EGIL-scored MPAL should aid the objec-
tive evaluation of this scoring system. Although no stud-
ies on the incidence of MPAL defined according to the
WHO classification have been published, the EGIL scoring
system for MPAL appears to depict a broader subset of
patients than that of the newly proposed WHO classifica-
tion. In order to make categorization reproducible, details
of the WHO criteria should be specified, such as the exact
distinction between strong and weak antigen expression
and cut-off values for MPO positivity. The WHO defini-
tion uses fewer parameters than the EGIL scoring system;
although it combines results from cytometry and cyto-
chemistry, it may prove to be simpler (Table 3).

The statistical power of MPO expression in the EGIL
scoring system in which it has 2 points, is the same as or
even greater than in other systems, including the WHO
classification."”® However, MPO-positive B lymphoid
malignancies which responded to ALL treatment have
been reported.”” This is in line with our treatment recom-
mendations, in which high MPO expression can override
lymphoid criteria only in T lineage leukemias.

Table 3A. Definitions or characteristics of BCP ALL, T ALL and AML.

- E. Mejstrikova et al.

Immunoglobulin and T-cell receptor gene
rearrangements

The spectrum of IG/TCR gene rearrangements in MPAL
treated as BCP-ALL or AML corresponded with the
expected spectrum in the respective acute leukemia line-
ages. All MPAL patients who were given BCP-ALL treat-
ment presented with at least one IG or TCR clonal
rearrangement. It has previously been established that
BCP-ALL lymphoblasts (like non-malignant B cells) can
rearrange both TCR genes and /G genes.””” As in our
previous study on BCP-ALL* MPAL TEL/AML1-positive
cases had more rearrangements than other MPAL cases
treated as BCP-ALL, which is indicative of RAG1 upregu-
lation. As with the majority of AML cases,” all MPAL
cases assigned to AML therapy were negative for IG/TCR
gene rearrangements. Interestingly, although other studies
and our data (nor shown) have identified TCR rearrange-
ments in the majority of cases of T-ALL,” only two of five
cases of MPAL cases treated as T-ALL had TCR rearrange-
ments; these numbers are, however, too low for statistical
analysis.

Unsupervised immunophenotype analysis, principal
component analysis

In the principal component analysis of immunopheno-
type, the main differences were found among three major
subsets (T-ALL, BCP-ALL and AML). As no cases were
misplaced into different immunophenotype clusters, our
principal categorization to AML, T-ALL and BCP-ALL
therapy arms appears to respect general immunopheno-
type patterns. Interestingly, principal component analysis
placed mixed T-ALL cases in a borderline zone between T-
ALL and AML. No cases were found in the analogous bor-
derline space between the BCP-ALL and AML clusters or
between T-ALL and BCP-ALL. MPAL cases that were
identified by their EGIL score within BCP-ALL and AML,

Reference Type of Logical operators Conditions to be fulfilled
acute leukemia
Borowitz et al. (WHO)BCP ALL almost always: CD19 [CD22 iCD79a>
always: MPO
TALL most often: (i)CD3*
Arberetal (WHO)  AML =] of: =20% myeloblasts*  =20% promonocytes*  t(8;21)** inv(16)™ or t(16;16)»  t(15;17)
Beneetal (EGIL)  BCPALL =2 of: CD19 (1)CD22xs (1)CD79a%
TALL single criterion:  (7)CD3"*
AML =2 of: CD13 CD33w CD65™ CD117% iIMPO™s
This study’ BCP ALL =) of: CD19vs (i)CD22¢s (i)CD79a"
TALL all 3 of: CD7 (i)CD3* iMPO<30%
AML =) of: CD13 CD33w CD65™ CDI117>s IMPO™*
and BCP ALL criteria not met
and T ALL criteria not met
Behm et al. (SJCRH)? BCP ALL all of: CD19 [CD3 MPQ
and =1 of: CD22 iCD79a>* ilgMr>
TALL all of: CD7 [CD3 CD22 MPQ
AML both: iCD3 iIgMrs
and =1 of (D22 {CD79a"*
and =1 of MPQO™s NSE»

ilntracellular antigen staining (in cytochemistry, the fact that the reaction occurs intracellularly is disregarded). (i)Intracellular or membrane antigen staining. By morphology
(children with fewer than 30% blasts may be classified as having a myelodysplastic syndrome if further criteria are met)."Used for treatment decisions also in MPAL. “Positivity
cut-off in this study is 20% of gated malignant cells.“Saint Jude Children’s Research Hospital (SJCRH) criteria are used to distinguish non-MPAL cases with My+ ALL or Ly+ AML.
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respectively, did not form a distinct cluster. This implies
that the EGIL score does not reflect a difference in the
overall immunophenotype within BCP-ALL and AML.

Myeloid-associated molecular genetics in mixed
phenotypic acute leukemia

In T-ALL patients, Paietta et al. found an association
between the expression of CD117 and FLT3-activating
mutations.” Since most of our patients with CD117-posi-
tive MPAL treated as ALL were negative for FLT3-ITD and
for FLT3-D835 activating mutations, our data contradict
the original findings, in accordance with a case reported
later.”® Thus, FLT3-ITD and FLT3-D835-activating muta-
tions are not causally involved in the pathogenesis of
MPAL and our data do not support the general use of FLT3
inhibitors in MPAL. In one patient (T5), we identified a
translocation 46,XY,t(6;14)(q¢26;q¢31), which may corre-
spond to the previously published t(6;14)(q25;q32). The
result of fluorescent in situ hybridization with painting
(WCP6 and WCP14) and locus-specific probes (LSI IgH
Dual Color Break Apart) confirmed the reciprocal translo-
cation without rearrangement of the /GH gene which was
translocated to the long arm of chromosome 6. This
translocation was repeatedly found in MPAL patients with
myeloid and T lineage components, based on antigen
expression or bilinearity. The gene on chromosome 14
involved in this translocation appears to be BCL71B,
which encodes the BCL11B protein, a transcription repres-
sor with an important role in T-cell development.”
Additionally, the same patient presented with a FLT3-ITD.
Since published studies did not investigate FLT3, we can-
not conclude whether there is a causal relationship
between t(6;14) and FLT3-ITD. Another translocation,
t(8;12)(q13;p13), leading to an ETV6-NCOA2 fusion gene

Table 3B. Definitions of MPAL.
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often associated with MPAL with myeloid and T lineage
components® was not found in this cohort (data not
shown).

Therapeutic implications

As recently noted, the low incidence of MPAL precludes
large trials with separate analyses of subcohorts.” Thus, a
statistical analysis of the prognosis of MPAL treated with
T-ALL regimens is not available. Considering our diagnos-
tic data only, one may speculate that all MPAL cases with
a T lineage component, including those who received a T-
AlLL-directed therapy in this study, are biologically close
to AML, given the findings of the principal component
analysis and the low frequency of TCR rearrangements.
However, patients with these MPAL appear to have a rel-
atively good outcome after ALL-directed treatment, as
presented here (Figure 1C). Rubnitz et al. reported, for a
similar cohort of patients, a good response to ALL-direct-
ed treatment even among those who failed to achieve
complete remission after initial AML-directed treatment.'

Quite the opposite situation is present in patients who
fulfilled our criteria to be treated with BCP-ALL therapy.
In these patients, both the immunophenotype-based prin-
cipal component analysis and /G/TCR rearrangements are
similar between MPAL and non-mixed BCP-ALL.
However, the prognosis of these patients is significantly
poorer. As there have been no studies conducted on the
prognostic impact of uniformly treated MPAL defined by
EGIL scores, the data presented can only be compared
with those of studies using different definitions of “pheno-
typic ambiguity”. A recent study on MPAL, which was
defined using slightly different criteria and in which some
patients were treated with AML-directed therapy, demon-
strated a 5-year event-free survival rate of 36+16% for

Reference Type of MPAL  Logical operators Conditions to be fulfilled
Borowitz et al. (WHO) MPAL My/B both: My characteristics B characteristics
MPAL My/T both: My characteristics T characteristics
MPAL B/T both: B characteristics T characteristics
B characteristics CD19 at least weak and =2 of: CD19sters {CD22ss CD7gtrens CD1(ens
T characteristics single criterion (1)CD3
My characteristics MPOws
or =2 of: NSEP* CD11cw CD14v CD64»*  lysozyme™™
Behm et al. (SICRH) MPAL My/B both: MPOws CD22rs
and =1 of: CD19 iCD79a>
MPAL My/T both: MPO» iCD3
MPAL B/T must be fulfilled: [CD3w
and ilgM or =2 of: i1gMps iCD79a% CD22
Bene et al (EGIL)  MPAL My/B both: B score >2 My score >2
MPAL My/T both: T score >2 My score >2
B score 2 points per antigen (1)CD79a™ IgMps iCD22rs
1 point per antigen CD19rs CD10ws CD20rs
(.5 points per antigen iTdTe= CD24
T score 2 points per antigen (i)CD3 TCRof3* TCRyd™
1 point per antigen CD2rs CD5» CD8 CD10ws
(.5 points per antigen iTdTrs CDT7vs CDla
My score 2 points per antigen iMPO™
1 point per antigen CD13r CD33ws CD65™ CDIIT"
(.5 points per antigen CD14v CD15w CD64ws

Abbreviations are explained in Table 3A. “The original paper also suggested a provisional inclusion of lysozyme positivity with a score of 2.0 points — this proposal was not
addressed in the subsequent publications of the EGIL group. Lysozyme was not considered in the presented study."This is the updated weight of CD117, the original proposal sug-

gested a lower score. References to Tables 3A and 3B: (12-18, 38, 39)
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B/My MPAL cases.! This outcome is no better than that
conferred by the standardized approach presented here
with a 5-year event-free survival rate of 45+11% (Figure
1B) for mixed BCP-ALL. Our cohort of MPAL comprised
cases with known prognostically important genotypes.
However, these cases cannot explain the poor prognosis of
the whole MPAL group, as MPAL had a worse outcome
both within the respective subsets themselves (see
TEL/AMLA1-positive and MLL/AF4-positive survival curves
in Online Supplementary Figure S1A-B) and in a stratified
Cox regression analysis. The observed prognostic signifi-
cance was striking in TEL/AML1-positive acute leukemia,
since this subset of ALL typically correlates with myeloid
antigens CD13 and CD33°* and a non-specific positivity
of the myeloid EGIL score could, therefore, be expected.
Yet, our data proved that TEL/AML1-positive cases classi-
fied as MPAL according to the EGIL criteria have a signif-
icantly worse prognosis compared to the rest of the
TEL/AML1-positive group and that the prognostic impact
of "phenotypic ambiguity" is greater than that of other
factors at diagnosis.**®

Very recently, a study was published on adult MPAL
treated with several lymphoid- or myeloid-directed
approaches.”® The authors showed that this heteroge-
neous approach led to a very unfavorable outcome (medi-
an disease-free survival, 5 months), significantly worse
than that for both AML and ALL. Interestingly, recalcula-
tion of the data on achievement of complete remission
showed a superior initial response to therapy in patients
treated with corticosteroids (14/16) compared to those
treated with myeloid-directed chemotherapeutics alone
(1/5, Fisher’s P=0.011).

The inferior prognosis of MPAL patients among those
who fulfilled the criteria for treatment with BCP-ALL-
therapy obviously urges the search for better treatment
for these patients. Collectively, the available data do not
support the general use of contemporary AML-directed
treatment for MPAL fulfilling T-ALL or BCP-ALL criteria.
The recommendation arising from the presented data is
to start lymphoid-based treatment in MPAL patients
who fulfill the criteria for the definition of B- or T-line-
age acute leukemias. Urgent (cyto)genetic investigations
should be requested and their results should be taken in
consideration (especially BCR/ABL status, since kinase-
inhibitor-containing protocols may be available, or ALL-
or AML-associated gene fusions). Treatment response
should be carefully monitored at appropriate times and a
switch to myeloid-directed treatment or a protocol com-

- E. Mejstrikova et al.

bining lymphoid and myeloid elements (such as the
Interfant protocol for infant ALL) should be considered in
patients with an inadequate response to the remission
induction therapy:.

Rubnitz et al. concluded that MPAL per se is not an indi-
cation for stem cell transplantation.' In the presented
cohort, stem cell transplantation was indicated in ALL
patients only in the case of no response or in those with
high-risk BCR/ABL-positive ALL. Only two of 28 MPAL
patients treated as having ALL have, therefore, been trans-
planted in first complete remission. Our data support the
notion of Rubnitz et al. that stem cell transplantation is not
recommended for patients with a good molecular
response to induction treatment. Levels of minimal resid-
ual disease in cases of MPAL treated as ALL can be detect-
ed by IG/TCR rearrangements (as can be deduced from
Table 2). Flow cytometry can identify residual MPAL cells,
which are, by definition, immunophenotypically distinct
from normal cells. Nonetheless, immunophenotypic shifts
may still hamper the distinction of minimal residual dis-
ease from a non-malignant background in regenerative
bone marrow.” In AML, the presented therapy protocols
recommend stem cell transplantation only in high-risk
cases with an HLA-matched sibling donor. The low num-
ber of patients in the presented cohort precludes the pos-
sibility of making a conclusive recommendation for MPAL
cases treated as AML.
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