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Treatment of chronic myeloid leukemia has improved significantly with the introduction of tyrosine kinase inhibitors (TKIs), and
treatment guidelines based on numerous clinical trials are available for chronic phase disease. However for CML in the blast phase
(CML-BP), prognosis remains poor and treatment options are much more limited. The spectrum of treatment strategies for children
and adolescents with CML-BP has largely evolved empirically and includes treatment principles derived from adult CML-BP and
pediatric acute leukemia. Given this heterogeneity of treatment approaches, we formed an international panel of pediatric CML
experts to develop recommendations for consistent therapy in children and adolescents with this high-risk disease based on the
current literature and national standards. Recommendations include detailed information on initial diagnosis and treatment
monitoring, differentiation from Philadelphia-positive acute leukemia, subtype-specific selection of induction therapy, and
combination with tyrosine kinase inhibitors. Given that allogeneic hematopoietic stem cell transplantation currently remains the
primary curative intervention for CML-BP, we also provide recommendations for the timing of transplantation, donor and graft
selection, selection of a conditioning regimen and prophylaxis for graft-versus-host disease, post-transplant TKI therapy, and
management of molecular relapse. Management according to the treatment recommendations presented here is intended to
provide the basis for the design of future prospective clinical trials to improve outcomes for this challenging disease.

Leukemia (2023) 37:505-517; https://doi.org/10.1038/s41375-023-01822-2

INTRODUCTION
Chronic myeloid leukemia (CML) blast phase (CML-BP) is
characterized by clinical, phenotypic, and genetic features of
acute leukemia. CML-BP can occur as an initial presentation of
CML (de novo CML-BP) or as a progression from the chronic (CP) or
accelerated (AP) phases of CML (secondary CML-BP).

After the introduction of tyrosine kinase inhibitors (TKIs), the
annual rate of progression from CML-CP to AP or BP dramatically

decreased to 1-1.5% from more than 20% [1, 2]. However, the
prognosis for adult patients with de novo or secondary CML-BP
remains poor; median survival is less than 1 year [3]. The low
incidence of CML in pediatric patients (1-2.2 cases per million per
year, with 7-10% being diagnosed with BP) and the lack of
specific clinical trials mean that there is minimal evidence to
inform the optimal management of CML-BP in children and
adolescents [4]. In contrast to adult patients, children and
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adolescents with CML-BP present with a distinct predominance of
the lymphoid phenotype (70-80% vs. 20-30% in adults) and a
varying landscape of chromosomal aberrations differing from the
classical major route additional cytogenetic aberrations in
advanced phase adult CML [5-7]. Those leukemic features also
complicate the distinction between pediatric de novo lympho-
blastic CML-BP and Philadelphia chromosome-positive (Ph™) acute
lymphoblastic leukemia (ALL), confronting treating physicians with
further therapeutic uncertainty.

Thus, the treatment of CML-BP remains one of the major
challenges in the management of patients with CML. Although the
overall prognosis in CML-BP seems to be better in children than
adults, consistent data regarding the optimal management of
CML-BP in children and adolescents are lacking given small case
numbers [6, 7]. Published evaluations of various cohorts are highly
heterogeneous in their treatment regimens for de novo and
secondary CML-BP in children.

The practical recommendation aims to reduce variability in the
management of pediatric patients diagnosed with CML-BP, with
particular focus on the diagnosis, treatment, and monitoring of
this challenging disease stage. Efforts to standardize the approach
may provide more consistent data and, potentially, a platform for
future clinical studies.

Composition of the expert panel and the consensus-building
process

The panel of experts—22 members of the pediatric CML working
party (pCML-WP) of the International-Berlin-Frankfurt-Minster
(BFM) study group and additional national representatives, all
with clinical and research expertise in pediatric CML and
hematopoietic stem cell transplantation (HSCT)—met annually at
the I-BFM plenary meetings and at additional regular online
working meetings. Unless otherwise indicated, there was com-
plete consensus for the recommendation after the panel
discussion. The panel discussion was based on a systematic
search of the English-language literature in the Cochrane Library,
PubMed, and Scopus databases. The search criteria specified
studies involving pediatric patients with CML in an advanced
phase and treatment with HSCT, using these terms: (“chronic
myeloid leukemia” OR “CML") AND (“pediatric” OR “children” OR
“adolescents” OR “childhood”) AND (“advanced phase” OR
“accelerated phase” OR “blast phase”). Searches were conducted
on January 18, 2022, and were limited to studies published from
January 1, 2000, to December 31, 2021. The resulting 104 unique
records were screened by title and abstract. Case reports or case
series with fewer than 10 patients and studies in adult patients or
studies that excluded advanced phases of CML were excluded.
The 19 resulting articles underwent a full-text assessment for
eligibility, which finally identified 10 studies that provided specific
data about HSCT in pediatric patients with CML-BP (Table 1). The
resulting recommendation is based on these pediatric studies and,
when no such data were available, on recommendations adapted
from those for adult patients and from experience in pediatric Ph*
ALL. Evidence was graded according to the GRADE (Grading of
Recommendations Assessment, Development and Evaluation)
system. The grade of recommendation for each statement is
summarized in Supplementary Table 1.

RECOMMENDATIONS

Diagnosis of CML-BP and patients at risk for progression
Accurate diagnosis of suspected CML-BP is critical for further
therapeutic steps [8, 9]. The definitions of CML-BP are not
consistent across international committees. The European Leuke-
miaNet defines CML-BP as 30% or more blast cells in blood or
bone marrow and/or the demonstration of extramedullary blastic
infiltrates with the exception of the liver and spleen [10]. The
World Health Organization and recent International Consensus
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Classification (ICC) classification sets the threshold value for blasts
at 20% [11, 12]. Furthermore, in the current WHO classification,
CML-AP is no longer a diagnostic category and growing
importance is given to patients at risk for progression based on
somatic mutations, TKI resistant BCR:ABL1T mutations and/or
additional chromosomal aberrations (ACAs). It is also emphasized
that the detection of lymphoblasts in peripheral blood or bone
marrow, even in the range below 10%, is generally considered
consistent with the diagnosis of blast phase [11]. The ICC similarly
states that increasing numbers of lymphoblasts (>5%) in
peripheral blood or bone marrow may indicate impending
lymphoid BP and should prompt further investigations [12]. A
comparison of the World Health Organization classification system
with the 20% cut-off used in the imatinib trials showed that the
response rate was significantly better in adult patients with
20-29% blasts than those with 30% or more [13]. Current pediatric
guidelines recommend classification according to ELN criteria.
[8, 14]. However, the above-mentioned additional genetic features
should also be included in pediatric CML for improved diagnostics.

In patients who meet the criteria of CML-BP, the morphologic
diagnosis should be accompanied by immunophenotyping to
characterize the blast population. The blasts in CML-BP can be of
the myeloid, lymphoid, or mixed-lineage phenotypes [14].
Lymphoid blasts are in most cases derived from the B cell lineage;
only very rare cases with a T cell origin have been described
[15, 16]. After the cytogenetic detection of the t(9;22) transloca-
tion, the next step is to identify the transcript type. In CML, most
breakpoints cluster in the major breakpoint region, encoding for
the p2105<F"BL! fusion protein. More than 90% of patients harbor
either the e13a2 or el4a2 fusion transcript or, in cases of
alternative splicing, both transcripts [17]. Additionally, several
atypical rare BCR::ABL1 fusion variants have been detected [17, 18].
A minor breakpoint encoding for the p1905F8" fusion protein
has been identified in only a few cases. As in adult advanced
phases, a recent study documented that two-thirds of pediatric
patients harbor one or two BCR:ABL1 tyrosine kinase domain
mutations at diagnosis (de novo CML-BP 75%, secondary CML-BP
62%) [6]. Therefore, performing an analysis for BCR::ABL1 muta-
tions is strongly recommended, as the selection of a sensitive TKI
is crucial for individualized therapy planning. Next-generation
sequencing (NGS) is preferred over Sanger sequencing as the
higher sensitivity (3% vs. 20% threshold) allows the early detection
of relevant resistance mediating mutations [19].

A final major challenge is to detect and differentiate de novo CML-
BP from Ph™ acute leukemia. If de novo CML-BP presents as an acute
myeloid neoplasm, an assignment based on cytogenetics or
molecular genetics by detection of the t(9;22) translocation or the
BCR::ABL1 fusion transcript becomes obvious, because acute myeloid
leukemia (AML) with BCR:ABL1 is a rare entity. In the AML-BFM trials,
only six children with Ph* AML were diagnosed among a total cohort
of nearly 1500 patients with AML (age range: 1-18 years) over a
period of 16 years (Dirk Reinhardt, AML-BFM study chair, database
query January 1, 2022), and it is unclear if single cases could not also
have been designated as myeloid BP [20]. However, in 2016, the
World Health Organization added AML harboring BCR::ABLT as a new
category of AML that might benefit from TKI therapy [21]. In case of
difficulties in the diagnostic distinction between entities, certain
clinical, cytogenetic, and molecular genetic features can support the
diagnosis of CML-BP [22, 23].

pCML-WP recommendation. An extended diagnostic workup
should be completed for pediatric patients who meet the criteria
for CML-BP (Table 2). This should always include BCR:ABLT
mutation testing by NGS.

Discriminating Ph* ALL from CML-BP lymphoid phenotype

Most children and adolescents with de novo CML-BP present
with lymphoid blasts, leading to diagnostic uncertainty in
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Table 2. Baseline diagnostics of suspected BP in pediatric patients.

Test at diagnosis of BP

Physical examination
disease

Complete Blood Count

In particular spleen and liver size [cm below the costal margin], extramedullary manifestation of

Full white blood cell (WBC) count

Hemoglobin (Hb) and platelet count, neutrophils, lymphocytes, monocytes,
Basophils %, Eosinophils %, Blasts %, Sum of Blasts % + Promyelocytes %

Bone Marrow Morphology

Blast % and Promyelocytes %
Cytogenetics (for Ph-positive and/or additional chromosomal aberrations) with a minimum of 15

metaphases analyzed

Fluorescent-in-situ-hybridization (FISH) if marrow cytogenetics fails
Trephine biopsy (assessment of focal “nests of blasts” and fibrosis

Flow cytometry and/or cytochemistry

Molecular genetics

Definition of phenotype by expression of cell-surface and cytoplasmic markers (myeloid vs. lymphoid)
BCR:ABL1 fusion transcript (e13a2, e14a2, el1a2 or any rare type)

BCR:ABL1 transcript level quantitative analysis (on the IS scale)
Tyrosine kinase domain mutation analysis
NGS myeloid or lymphoid panel

Cerebrospinal Fluid Cytology

Intrathecal injection for CNS prophylaxis (for details see text)

Human leukocyte antigen (HLA)-typing

discriminating that entity from Ph™ ALL [5-7, 24]. Certain
morphological criteria, such as increased numbers of basophils
or eosinophils when patients present with less than 70% blast
cells in bone marrow, could be indicative of CML-BP rather than
Ph™ ALL. Leukocytosis with left-shifted myeloid maturation
might also point toward a diagnosis of CML-BP [25]. Current
studies have shown that pediatric patients with de novo CML-BP
often present with high leukocyte counts at the time of
diagnosis [6, 7]. The presence of the p2108<F*BL! fysion protein
is likewise suggestive but has also been observed in 10-20% of
Ph™ ALL cases [26]. Other molecular markers, such as IZKF1
deletions, also occur in both entities and are not solely
characteristic of Ph™ ALL [27, 28]. In most cases, a valid
distinction between the entities based on morphology, immu-
nophenotyping, molecular genetics, and transcript type at the
time of diagnosis is impossible. However, indicators to better
discriminate them can emerge during therapy. Typical Ph™ ALL
affects the lymphoid lineage only; in CML-BP lymphoid
phenotype, the BCR::ABL1 rearrangement is present in both the
lymphoblastic and expanded myeloid cell clones. Therefore, at
the end of an ALL induction in CML-BP, a discrepancy is often
observed between low minimal residual disease (MRD) as
assessed by immunoglobulin G heavy chain (IgH) or T cell
receptor gene (TCR) rearrangement markers or flow cytometry
(because of a preferential reduction in the lymphoid blast clone)
and the still relatively high proportion of (9;22)
translocation—positive cells (of the still expanded BCR:ABLI-
positive hematopoiesis) in florescence in situ hybridization
(FISH) or transcript analysis [29]. This discordant MRD dynamic
is also described as a feature of the subset of Pht ALL
designated as CML-like disease [30, 31]. Polymerase chain
reaction (PCR) analysis of sorted cells does not yield reliable
results because of the adverse balance between exponential
amplification in PCR and the purity of the cell populations sorted
from clinical samples. In principle, interphase FISH on neutro-
phils might expose the BCR:ABL1 rearrangement on cells of
myeloid origin after a major blast reduction has occurred—for
example, after two weeks of ALL-based induction treatment
[32, 33]. The limitations of that method are a lack of universal
availability of the test or the achievement of a remission that is
already too deep to detect the BCR::ABL1 fusion by FISH. With
respect to test availability, dried, unstained bone marrow smears
stored frozen (—18°C) can be wrapped in aluminum foil and

SPRINGER NATURE

Donor search for allogeneic stem cell transplantation

sent to specialized laboratories. However, even with those
extended diagnostic procedures (Table 3), a definitive distinction
can remain elusive in some patients.

pCML-WP recommendation. To date, no single marker unam-
biguously differentiates de novo CML-BP from Ph™ ALL in all cases
at the time of diagnosis. In such cases, additional parameters must
be obtained after therapy commences (Table 3). A high leukocyte
count, left-shifted myeloid maturation, or an increased basophil or
eosinophil count at diagnosis and the presence of a major
transcript type are indicative, but not conclusive, in diagnosing de
novo CML-BP. The panel, therefore, recommends using real-time
PCR for BCR:ABL1 and IgH/TCR or flow cytometry markers
(if identifiable at diagnosis) in parallel to monitor response to
therapy. The accuracy of diagnosis should then be reevaluated as
therapy proceeds if a divergence between the clonal markers and
BCR::ABL1 transcript levels is detected. The clear detection of
BCR:ABL1 in neutrophils by interphase FISH is confirmatory for
CML-BP.

Treatment principles in CML-BP

The general aim of curative therapy in adult patients is to reduce
the blast population to reach a CP and to proceed with allogeneic
HSCT [34, 35]. Selection of the optimal patient-specific therapeutic
pathway depends on the BP phenotype, the presence of BCR:ABL1
kinase domain mutations, previous therapy for secondary CML-BP,
and the availability of suitable stem cell donors. The rationale for
HSCT is that, in the pre-TKI era, intensive chemotherapy alone
without consolidative HSCT produced only a short response with a
high relapse rate in CML-BP. However, even with TKI therapy, the
response is usually only temporary.

In principle, clinical, cytogenetic, and molecular genetic risk
factors can support therapy stratification. Clinical parameters such
as older age, low red cell and platelet counts, high lactate
dehydrogenase, myeloid immunophenotype, and other features
associated with poorer survival or higher risk of treatment failure
that can be systematically evaluated in adults have no known
correlates in children because of smaller case numbers [13, 36].
Risk scores such as the EUTOS long-term survival score do not play
a role in prognostic assessment once progression to CML-BP has
occurred, neither in adult nor in pediatric patients. Cytogenetic
risk factors from adult studies do not apply to childhood CML,
because the cytogenetic profile of young patients differs

Leukemia (2023) 37:505-517
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Ph-positive ALL Comment

= Cytogenetic or FISH positivity at the end of
induction therapy as an indicator for CML-BP

— performed after major blast reduction

Table 3. Diagnostics for differentiation of de-novo lymphoid BP and Ph-positive ALL.
Investigation de-novo
lymphoid BP
Morphology =
Flow cytometry =
Cytogenetics/FISH =
BCR:ABL1 detection via interphase FISH on +
neutrophils
Comparison MRD-level (IgG, TCR 1/~

-rearrangement or flow cytometry)/ BCR::ABL1
transcript level

/1 performed after the end of induction therapy

= indifferent, + positive result, - negative result, | declining, ~ divergent reduction.

significantly from that of older patients. A recent analysis of
cytogenetics in pediatric CML-BP showed that complex karyotypes
were more common in patients with secondary CML-BP than in
patients with de novo CML-BP; however, risk factors within those
subgroups could not be conclusively identified [6].

Somatic mutations in genes RUNX1, TP53, ASXL1, and WTT,
which also occur in other myeloid malignancies, have been found
with a high prevalence in adult patients with CML-BP. The
presence of these mutations at diagnosis is associated with high
risk of disease progression in CML. A recent comprehensive
genetic analysis demonstrated that, compared with clinical
parameters, specific genetic lesions are better predictors of
survival in CML-BP [37, 38]. Only a small case series on somatic
mutations in childhood CML-CP has been published, in which only
ASXLT mutations were identified in 6 of 21 patients with CML [39].
Those prognostic markers currently play no role in therapy
selection in pediatric CML-BP.

To achieve sustained remission, the current treatment options
for adult patients with adequate performance status include
lineage-specific induction chemotherapy in combination with a
high-potency TKI [40]. The same concept has been applied in most
pediatric cases published to date. The established ALL and AML
induction regimens for the specific BP immunophenotype are
suitable [5-7]. Although a few cases showing a response to TKI
monotherapy have been documented, chemotherapy in combi-
nation with a TKI is the cornerstone, considering the risk of
resistance to TKI monotherapy and the high relapse rates in CML-
BP [6, 7]. Until the diagnosis is confirmed by the detection of
BCR::ABL1 and the definition of the immunophenotype (lymphoid
vs. myeloid), supportive therapy is administered as in acute
leukemia (prevention of tumor lysis syndrome according to
institutional standards). Hydroxyurea could play a role in clinically
stable patients if a definitive diagnosis cannot be established
within a short period. In patients with signs and symptoms of
leukostasis, lineage-adapted cytoreduction measures according to
ALL or AML protocols are recommended.

pCML-WP recommendation. Allogeneic HSCT is strongly recom-
mended for most children with CML-BP. Beforehand, a phenotype
lineage-appropriate induction therapy in combination with a TKI
should be administered.

Selection of TKI therapy

The selection of TKI therapy is challenging, and data for efficacy in
CML-BP are limited. The selection of the TKI depends on the BP
type (de novo vs. secondary) and the presence of BCR:ABL1 kinase
domain mutations. Currently, no second-generation TKI (2G-TKI) is
approved for pediatric patients in CML-BP; however, imatinib and
dasatinib have approval for use in Ph" - ALL. For this reason, off-
label use will be necessary in most cases but is considered justified
given the risk of the condition.
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Selection of TKI for secondary CML-BP. In secondary CML-BP that
has developed during TKI therapy, it is strongly recommended to
switch the TKI. Approximately 60% of pediatric patients with
secondary CML-BP showed mutations in the tyrosine kinase
domain of the BCR:ABL1 gene [6]; the TKI must therefore be
selected according to the tyrosine kinase domain mutation profile.
If secondary CML-BP develops after treatment with a 2G-TKI, or if a
T315] mutation is present, ponatinib is the appropriate TKI.
However, caution must be taken with increased toxicity of
ponatinib with intensive chemotherapy. For example, ponatinib
and asparaginase have overlapping toxicities (e.g., pancreatitis
and hepatotoxicity) which may preclude concurrent use of these
drugs. Ponatinib use in children, both as a single agent
(NCT03934372) and in combination with chemotherapy
(NCT04501614), is currently under investigation.

Selection of TKI for de-novo CML-BP. The faster achievement of a
deep remission as a basis for stem cell transplantation is the
rationale for the frontline use of a 2G-TKI in de novo CML-BP. In de
novo BP, a tyrosine kinase domain mutation analysis should be
performed at diagnosis, because a resistance-mediating mutation
is already present in a large proportion of cases, affecting selection
of the optimal TKI [6, 7]. Resistance may also occur later and hence
repeated screening may be needed. In cases of inadequate
response to therapy with 2G-TKI and induction therapy, a switch
to ponatinib should also be considered to not delay HSCT. The
exact integration of TKI treatment into the respective leukemia
protocols is outlined in the next subsections.

pCML-WP recommendation. We recommend the upfront use of a
2G-TKI in de novo CML-BP and if secondary BP has developed
following treatment with imatinib. The presence of a resistance-
mediating BCR:ABL1 kinase domain mutation should guide the
appropriate TKI selection. Switching to ponatinib is performed in
the presence of a T315] mutation, but should also be considered in
the absence of BCR::ABL1 kinase domain mutations if second-line
therapy fails.

Treatment of CML-BP lymphoid phenotype

In adult patients, the preferred curative approach combines the
use of lineage-specific induction chemotherapy with a TKI [34, 35].
Therapeutic approaches with documented tolerable toxicities that
can be combined with TKI therapy include hyperCVAD and Ida-
FLAG [41-43]. Steroids combined with a TKI is recommended by
NCCN for adult patients who cannot tolerate standard induction
chemotherapy [40].

In pediatric patients, multi-drug induction therapy combined
with a TKI has been studied in multiple trials in Ph" ALL. In
evaluations of imatinib or dasatinib combined with standard
chemotherapy regimens, toxicities were found to be tolerable
[44-46]. A reduced induction approach such as combination of
steroid and vincristine is used for adults with CML-BP to reduce
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toxicities related to advanced age and concomitant diseases. Such
regimens, in combination with a TKI, can often achieve remission
at the end of induction, even with less intensive induction
regimen (without anthracyclines) or shortened duration (e.g., only
until day 15 of induction in good responders). Bone marrow
aspiration on day 15 may be used to assess treatment response. If
the blast percentage is sufficiently low (for instance, <5%),
chemotherapy may be terminated, and TKI alone may be
continued. If the response is not optimal on day 15, the second
half of the induction chemotherapy (with anthracyclines) should
be used for intensification. The reasoning in favor of full ALL
induction therapy in pediatric patients is based on the advantages
of a deeper remission and a better chance for early transplanta-
tion with a low MRD in patients with ALL and an acceptable
toxicity profile for induction therapy in combination with a TKI.

No complete consensus could be reached for the recom-
mended induction therapy for children and adolescents with
lymphoid CML-BP phenotype. The positions taken by national
study groups range from complete induction therapy as used in
ALL, to reduced induction with only a part of the multi-agent
regimen, depending on the response. Because no formal evidence
for the superiority of either approach has been developed,
mandating either option without the full agreement of the pCML-
WP would pose more of a risk for therapy management in this
critical entity. The pCML-WP’s preliminary agreement was that,
until a better database is available, the regimen that accords with
national and individual experience would be recommended.

The second topic of discussion relating to this issue was the
timing of TKI initiation: immediately on initiation of induction
therapy, or starting on day 15 as in the EsPhALL protocol for
BCR::ABL1-positive ALL. There was consensus within the expert
panel that therapy should start immediately upon confirmation of
the presence of BCR:ABL1. Dose reduction or discontinuation
should be considered in cases of prolonged aplasia after induction
treatment. The response to therapy should be assessed in the
same way as in acute leukemia, following the standards of the
respective protocol for morphology, cytogenetics, flow cytometry,
and molecular MRD markers including BCR:ABL 1 transcripts by
real-time PCR and IgH/TCR markers.

The parallel measurement of clonal MRD markers and BCR::ABL1
transcripts can provide new insights into the response of the blast
population in patients with CML-BP lymphoid phenotype. How-
ever, the ideal depth of remission at the end of induction therapy
has not yet been systematically studied in this patient group.
Intensification of chemotherapy or implementation of alternative
therapy concepts in the rare cases of hematologic non-response in
bone marrow at the end of induction or of the lack of a suitable
donor for allogeneic HSCT should be discussed case-by-case.

Intrathecal chemoprophylaxis is as important for pediatric
patients with CML-BP lymphoid phenotype as it is for those with
acute leukemia. Compared with imatinib, dasatinib has better
penetration into the cerebrospinal fluid (CSF); however, no TKI
reaches a sufficient concentration in the CSF to safely treat and
prevent central nervous system (CNS) disease [47]. Isolated CNS
relapse has been described in adult patients treated for CML-BP
lymphoid phenotype [48, 49]. There are several cases of lymphoid
blast crisis with CNS involvement in the pediatric CMLpaed Il
registry. The optimal number and choice of drugs remain unclear.
Until better data are available, the expert panel recommends a
prophylactic approach meeting the standards of the induction
chemotherapy protocol for patients with CNS 1 or 2 status.
Prophylactic intrathecal administration should continue monthly
as bridging therapy until transplantation. Presentation in CNS-
status 3 with infiltration of blasts into the CSF (>5/ul) is particularly
rare; only a few adult cases have been reported. The benefits of
cranial irradiation in children and adolescents with CML-BP
lymphoid phenotype with CNS involvement are unclear. Some
adult patients with CNS-status 3 have been treated with radiation
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therapy [49, 50]; however, no evidence-based therapy recommen-
dations can be derived from those reports. The pCML-WP suggests
that patients with CNS-positive status at diagnosis be treated with
intrathecal chemotherapy according to the institution’s standards.
Further treatment then depends on the timing of the HSCT.

For patients with Ph™ ALL, the EsPhALL protocol recommends a
cranial boost before total body irradiation (TBI) in patients with
CNS involvement. Whether adopting this concept for CML-BP
lymphoid phenotype would be beneficial cannot be assessed; the
patient numbers are too small, and data are lacking. In cases of
CNS involvement, the panel recommends a TBl-based condition-
ing regimen with a cranial boost.

pCML-WP recommendation. Initial therapy is recommended to
follow the institutional standard for ALL induction therapy in
combination with a TKI. Prophylactic intrathecal therapy is
mandatory.

Treatment of CML-BP myeloid phenotype

Myeloid BP confers a worse prognosis than lymphoid BP in adult
CML [38]. Intensified therapies are therefore used in adult patients
to induce a hematologic response before HSCT. In the
AFRO1 study, Deau et al. investigated imatinib and cytarabine
combined with daunorubicin (“3+ 7" regimen) and reported
higher rates of complete hematologic remission with the addition
of daunorubicin [51]. The combination of ponatinib with
fludarabine, cytarabine, and idarubicin was investigated in the
MATCHPOINT trial [43]. No prognostic difference can be deter-
mined according to the immunophenotype for children and
adolescents because of the small number of cases.

Current studies in pediatric patients with CML-BP myeloid
show that AML induction combined with a TKI is used in the
majority of cases [5-7]. However, systematic studies on
tolerability in this patient group are lacking. For all pediatric
patients with CML-BP myeloid phenotype (de novo and
secondary), the pCML-WP recommends implementing the first
AML induction block following national standards. The response
criteria that should be met for CML-BP myeloid phenotype after
the first induction element have not yet been defined.
Unnecessary toxicity from additional chemotherapy meant only
to achieve a lower MRD in morphological complete remission
before transplantation should be avoided. Moreover, in CML-BP
myeloid phenotype, TKIs are available as supplemental ther-
apeutic agents. Given the lack of data, the pCML-WP recom-
mends following the response parameters used in pediatric de
novo AML protocols. Whether a second cycle of chemotherapy
should be added depends on remission status and the
availability of a suitable donor.

Based on the experience in adult patients and pediatric AML
studies, the panel’'s recommendation is to start TKI therapy not in
parallel with chemotherapy, but directly at the end of induction.
This approach helps to avoid interactions during chemotherapy.
Whether it also results in reduced toxicity is not yet clear.

Not all adult protocols recommend prophylactic intrathecal
treatment. In pediatrics, the panel recommends following the
recommendations of the AML induction protocol and administer-
ing the prescribed CNS prophylaxis. In cases with CNS-status 3,
individualized treatment decisions are necessary, with most
clinicians administering at least weekly intrathecal chemotherapy
until clearance of blasts.

pCML-WP recommendation. To induce hematologic remission in
CML-BP myeloid phenotype, a course of AML induction according
to the national and institutional standards is recommended. TKI
therapy should be administered not in parallel with chemother-
apy, but at the end of induction to avoid excessive toxicity and
interactions. Intrathecal prophylaxis should be included according
to national protocols.
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Treatment of CML-BP mixed phenotype

Specific data for CML-BP of ambiguous lineage are lacking. The
proposed treatment strategy is therefore based on the pediatric
data in acute leukemia. In a retrospective multinational trial,
Hrusak et al. reported superior survival with ALL-type treatment in
patients with ambiguous lineage acute leukemia [52]. Other
therapy strategies are recommended only in the few cases with
CD19 negativity and no other lymphoid features.

pCML-WP recommendation. The treatment strategy should be a
combination of ALL induction therapy with a TKI unless other
characteristics indicate a different therapeutic option.

Timing of allogeneic HSCT in pediatric CML-BP

Allogeneic HSCT currently remains the only curative treatment
option for most patients with CML-BP. Thus far, transplantation in
active CML-BP has been identified as the strongest factor
associated with poor outcome, and based on present knowledge,
upfront HSCT without initial chemotherapy plays no role. The
challenge in CML-BP is to balance the risk of progression during
treatment against the benefit of achieving the lowest possible
MRD before allogeneic HSCT.

In adults with CML-BP, the response to TKI treatment is very
short-lived, and resistance mechanisms independent of BCR:ABL1
often drive progression [53]. Thus, the general principle of
reducing the BCR:ABLI-positive cell pool to its minimum over a
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prolonged period, as applied in CML-CP, is no longer transferable
once CML has progressed to BP. However, Chen et al. demon-
strated that residual disease in CML-BP, unlike that in CML-CP, not
only has to drop below the threshold of a complete cytogenetic
remission to achieve an acceptable prognosis but that five-year
overall survival (OS) directly correlates with the depth of the
molecular response (five-year OS in complete cytogenetic remis-
sion, 12%; in major molecular remission, 34%; in undetectable
leukemia, 72%) [54]. Nevertheless, the presence of advanced
disease at HSCT plays a crucial role in patient outcomes [36, 55].
Radujkovic et al. investigated 170 patients with CML-BP who were
allografted after TKI pretreatment, finding that active BP was the
factor most strongly associated with decreased OS [56].

In children and adolescents with CML-BP, current data
demonstrated a high relapse rate of 15-27% after a median of
8.5 months (range: 6-15 months) and before HSCT could be
performed [6]. Those results support an early allogeneic HSCT
approach. A systematic analysis of the pre-HSCT variables
associated with better outcomes has never been performed
because the number of pediatric patients has been too low. The
ideal timing for allogeneic HSCT depends on three factors: blast
reduction, reduction in BCR::ABL1 transcripts, and availability of a
suitable stem cell donor. The current studies demonstrate that
most pediatric patients achieve complete cytogenetic remission
and a BCR:ABL1 transcript level below 1% after acute leukemia
induction chemotherapy with added TKI treatment [5-7].

No systematic data have yet been developed to assess the ideal
depth of remission before transplantation based on clonal IgH/
TCR rearrangement or flow cytometry for CML-BP. The option of
deeper remission through consolidation therapy must always be
weighed against the increased risk of relapse with delayed
transplantation.

The pCML-WP’s recommendation is therefore based on data
from adults and limited experience in pediatric patients. Because
of the high rate of early disease relapse, allogeneic HSCT should
be initiated as early as possible after hematologic remission has
been achieved (second CP). Figure 1 contains practical guidance
about the timing of transplantation depending on the response to
therapy and availability of a suitable donor.

pCML-WP recommendation. Allogeneic HSCT should be per-
formed as soon as possible after, as a minimal requirement, a
hematologic remission (second CP) has been achieved, ideally
within 3 months.

Donor and graft selection

Relevant evidence on the impact of donor type in pediatric
patients allografted for CML-BP in terms of engraftment benefits
or survival is not yet available. However, the prospective multi-
center study for children with ALL (ALL-SCT BFM-2003 Trial)
demonstrated no differences in overall survival and event-free
survival between matched sibling donors (MSD) and HLA-matched
unrelated donors (MUD) compatible in at least 9 of 10 HLA loci.
Significant benefits in engraftment were observed in MSD bone
marrow transplantation [57]. Most studies in CML-CP showed a
survival benefit for MSD; the limitation is that those are either
retrospective studies and/or were conducted before there were
significant improvements in HLA typing, donor search, and
treatment of acute graft-versus-host disease (GvHD) [58-60]. In
addition, these studies have mostly demonstrated a survival
advantage for bone marrow as a stem cell source [59, 61].

The efficacy of umbilical cord blood as an alternative stem cell
source for adult patients has been described, but a study in 74
adolescent and young adult patients, including 16 with CML-BP,
showed that outcomes including acute GvHD, transplantation-
related mortality, relapse, and long-term survival were comparable
whether umbilical cord blood or peripheral blood stem cells or
bone marrow from siblings were used [62]. Thus, umbilical cord
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blood is an alternative stem cell source. However, the yield of stem
cells is often limited, and donor lymphocyte infusion (DLI) is
usually not possible.

Haploidentical stem cell transplantation with post-transplant
cyclophosphamide in children and adolescents with high-risk
leukemia, including a small number with CML-BP, was associated
with tolerable toxicity and OS rates in the 40-70% range [63-65].
Haploidentical HSCT in the absence of a suitably matched donor
should therefore be considered for patients with CML-BP. The role
of haploidentical transplantation is being tested in trials, with
results pending at the time of writing.

pCML-WP recommendation. The recommended donor in allo-
geneic HSCT is a MSD or a MUD compatible in at least 9 of 10 HLA
loci. To avoid delay in transplantation, alternative stem cell sources
and donor types should be considered if no matched donor is
available. As in pediatric high-risk leukemia, bone marrow from
sibling donors is the preferred stem cell source. Nevertheless, the
choice of the optimal donor and stem cell source remains an
individual decision based on the preferences of the transplant
center.

Selection of a conditioning regimen and prophylaxis for GYHD
In advanced phases of CML in adult patients, intensive condition-
ing is generally recommended as offering the best chance of
leukemia-free survival [36, 66]. To mitigate transplant-related
toxicity, reduced-intensity conditioning (RIC) is a possible
alternative.

In pediatric patients, experience with RIC comes predominantly
from those with CML-CP. A retrospective study from Japan
described long-term outcomes in 180 children, adolescents, and
young adults with CML who underwent allogeneic HSCT between
2001 and 2014. Of 42 patients who received RIC, 4 were diagnosed
in CML-BP, and 5 in CML-AP. When major cytogenetic remission
was accomplished before HSCT in either phase, no difference in
5-year OS between a myeloablative conditioning regimen and RIC
was observed [61]. The authors proposed RIC as a possible
alternative for patients in AP or BP who achieve a good response
to therapy before transplantation, but given the still small number
of cases, the pCML-WP does not yet see the possibility of a general
recommendation for RIC. Additionally, in children and adolescents,
toxicity plays a lesser role, and the panel's recommendation is
therefore myeloablative conditioning because it offers the best
chance of cure.

Most pediatric patients allografted for CML-CP receive a
busulfan- or TBl-based conditioning regimen. No significant
differences between the conditioning regimens have been
observed [5-7, 24, 58, 60, 67]. Again, no specific data for children
and adolescents with CML-BP are available. In children with high-
risk ALL, the multinational randomized ALL SCTped 2012 FORUM
trial found improved outcomes after TBI plus etoposide con-
ditioning compared with chemotherapy conditioning [68].

Based on those results, the panel preferred TBl-based con-
ditioning for patients more than 4 years of age with CML-BP
lymphoid phenotype. No data are available for children younger
than 4 years. However, such cases are extremely rare and must be
assessed on an individual basis. For CML-BP myeloid phenotype, a
non-TBI myeloablative conditioning regimen based on national or
institutional treatment protocols is suggested.

For all patients with CNS positivity, regardless of disease
phenotype, a TBI-based conditioning regimen with CNS boost
according to institutional standards is recommended.

The impact of the graft-versus-leukemia effect in CML-CP
cannot be extrapolated to CML-BP [69]. Recent studies in adults
allografted in an advanced phase of CML showed no significant
differences in OS and leukemia-free survival whether they did or
did not have chronic GvHD [55, 56]. These patients are usually not
as intensively pre-treated, and thus their graft failure rate might
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therefore be higher. In children, prioritizing GvHD prevention is
suggested when a conditioning regimen is being devised. In the
ideal scenario in which the patient achieves good remission
before transplantation, GvHD prophylaxis with anti-thymocyte
globulin, methotrexate, and cyclosporine is recommended what-
ever the graft source.

pCML-WP recommendation. Myeloablative conditioning is recom-
mended. The choice of conditioning regimen is lineage depen-
dent, with TBl-based conditioning being preferred for CML-BP
lymphoid phenotype and any patient with CNS3 disease. GvHD
prophylaxis is of particular importance in young patients and
should include anti-thymocyte globulin. Post-transplant immuno-
suppressive therapy should be reduced as soon as possible.

Post-transplant BCR::ABL1 transcript monitoring
Post-transplant monitoring for acute leukemia is typically based
on quantification of chimerism, disease-specific molecular mar-
kers, and/or clone-specific IgH/TCR rearrangements (when the
blast origin is lymphoid). The discussion that follows addresses
recommendations for surveillance of the BCR::ABL1 translocation.

The assessment by reverse transcriptase quantitative PCR from
peripheral blood specimens provides the advantage of close
monitoring. Such monitoring is strongly indicated, especially early
after allogeneic HSCT, because studies show that early appearance
of the BCR:ABL1 translocation is associated with significantly
reduced relapse-free survival [70]. In the German pediatric CML-BP
cohort, relapse occurred in the 3-52 months range (median:
17 months) after transplantation [6], further emphasizing the need
to identify relapses early so that therapeutic measures can be
instituted. The precondition for such monitoring is the availability
of accredited laboratories that participate in external quality
assurance. Results should be expressed on the International Scale
and should indicate the molecular response [71]. Laboratories
should ensure that their assay can detect disease down to a
4.5 log reduction below baseline [72]. If those requirements are
met, monthly monitoring in the first year after HSCT and
2-3 monthly monitoring in the second year are recommended.
The blood-based diagnostics should be supplemented by bone
marrow aspiration on days 430, +60, +100, +180, and +365 as in
acute leukemia. The clonal MRD marker in bone marrow by IgH or
TCR rearrangements or by flow cytometry for CML-BP lymphoid
phenotype can also be assessed if possible and available at the
same time points. Additionally, in the post-transplant setting, a
comparison of molecular markers could conceivably provide new
insights into the disease biology of the CML-BP lymphoid
phenotype.

pCML-WP  recommendation. In addition to regular post-
transplantation monitoring, BCR:ABL1 transcript quantification is
mandatory and should be closely performed, especially during the
first two years after allogeneic HSCT. The consequence of
detection is outlined in the next two subsections.

Post-transplant TKI therapy and definition of molecular
relapse
A survival benefit of TKI maintenance after allogeenic HSCT was
observed in several retrospective and prospective trials that
included adults and children allografted for Ph* ALL or advanced
phase CML [70, 73, 74]. However, the largest retrospective adult
study exclusively enrolling patients with CML did not observe
significant differences in leukemia-free survival and OS [75].
Nevertheless, the study by de Fillip et al. investigated all phases of
CML and excluded patients with early molecular relapse (before
day +100). The pCML-WP felt that the role of TKI maintenance in
CML-BP should be to prevent early relapse.

The high rate of relapse in pediatric CML-BP after stem cell
transplantation despite prior blast reduction indicates that the

Leukemia (2023) 37:505-517



Monthly BCR::ABL1
monitoring

v

v

|
A 4

Detectable
BCR:ABL1
20.1%

Detectable
BCR:ABL1
<0.1%

Undetectable
BCR:ABL1

v

Reduce/Stop
immunosuppression

-

v

Reduce/Stop
immunosuppression

Continue monthly
monitoring

+ Start TKI

Reevaluation
after 2-(4) weeks

Persistent
detectable
BCR:ABL1

.

Start TKI

Fig. 2 Approach in case of detectable BCR:ABL1 transcripts after
allogeneic hematopoietic stem cell transplantation (HSCT).

graft-versus-leukemia effect is not sufficient for sustained remis-
sion in every case [6]. Post-transplant TKI treatment is therefore
recommended under certain conditions.

In principle, two treatment approaches can be pursued: a
prophylactic approach after sufficient engraftment, or a preemp-
tive intervention in cases of recurring or increasing BCR:ABL1-
positive MRD. The study by Pfeifer et al. compared the two
approaches in a randomized setting. That study enrolled 54 adult
patients with Ph* ALL or CML-BP lymphoid phenotype [70]. All
received imatinib either after sufficient engraftment (prophylactic
approach) or after a single detection of the BCR::ABL1 transcript by
quantitative PCR (preemptive approach). The incidence of
molecular recurrence was significantly lower in the prophylactic
than in the preemptive arm, but the long-term outcomes were not
different in the groups. In the study population overall, early
appearance of the MRD marker was found to be prognostic for
poor leukemia-free survival. Thus, the prophylactic approach
might be favored because early exposure to a TKI might control
residual leukemia, avoiding molecular relapse before immunologic
control arises through the graft-versus-leukemia effect. In that
scenario, TKI toxicity becomes a major concern, and the criteria for
starting a TKI should include sufficient hematologic recovery with
adequate liver and kidney function, and controlled GvHD. Notably,
in the study by Pfeifer et al., approximately 70% of the patients
discontinued imatinib prematurely or required a dose reduction
[70]. Thus, toxicity could potentially limit the duration of TKI
administration after HSCT, potentially impairing the effectiveness
of the prophylactic strategy [75]. Attention must also be paid to
the fact that TKIs affect the pharmacokinetics of immunosuppres-
sive therapy and vice versa. Furthermore, data exclusively for
pediatric patients receiving the prophylactic approach are lacking.

Whether a restart of imatinib on day +56 after transplantation
in the absence of contraindications is beneficial in pediatric Ph™
ALL is one of the study endpoints in the EsPhALL2017/Children’s
Oncology Group AALL1631 trial (clinicaltrials.gov identifier
NCT03007147), whose results were pending at the time of writing.
Thus, no clear recommendation can be made for a prophylactic
procedure.

On the other hand, the preemptive approach requires the
ability to use highly sensitive techniques for close monitoring of
the BCR:ABLT transcript. In addition, a clear definition must be
established for the restart of TKl therapy. The panel suggests
defining molecular recurrence after HSCT as either loss of major
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molecular remission (MR 3, a BCR:ABL1/control gene ratio 20.1%
on the International Scale) on a single measurement or detectable
BCR::ABL1 transcript at <0.1% on two consecutive measurements
at a minimum interval of 2-4 weeks. If all requirements are
fulfilled, the pCML-WP prefers a preemptive approach based on
the current data for pediatric CML-BP. If the criteria are met,
immunosuppression should be reduced depending on clinical
status, harnessing the potential synergy of reduced immunosup-
pression to enhance the graft-versus-leukemia effect and TKI
therapy initiation. A practical recommendation is presented in
Figure 2. In the rare cases where a minor transcript type is
detected, there is greater heterogeneity in terms of methodology
for MRD measurement by real-time PCR. The EURO-MRD
consortium guidance recommends a standardized approach for
laboratories. In particular, standardization of primer/probe sets
and the use of centrally produced plasmid calibrators reduced
assay variability [76]. We therefore recommend that quantification
be performed only in experienced laboratories that undergo
regular quality assessments.

No comprehensive data regarding the minimal or optimal
duration of TKI treatment after transplantation have been
developed. In adults with Ph* ALL, TKI administration for at least
one year is assumed, with two years being recommended [77].
Maintaining deep molecular remission for at least two years was a
criterion used in studies of imatinib discontinuation for treatment-
free remission in both adult and pediatric patients with CML
[78, 79]. If molecular detection of BCR::ABL1 transcripts after HSCT
has occurred, a similar approach would therefore be a reasonable
recommendation. Concerning the choice of TKI, dasatinib appears
to be more effective than imatinib in converting patients who are
MRD-positive to negative status, but that conclusion is based on
smaller retrospective cohort studies and a historical comparison in
adult CML [80]. Based on the cited studies that used imatinib and
the lack of data about toxicity with other TKls after transplantation,
imatinib would have to be considered the first choice unless
resistance is demonstrated. For pediatric CML-BP, the panel
recommends administering the same TKI both before and
after HSCT.

pCML-WP recommendation. Provided that close monitoring of
the BCR:ABL1 transcript is implemented, a preemptive approach
after HSCT is preferable. To allow for early intervention, the
proposed molecular criteria for TKI restart are either loss of major
molecular remission in a single sample or detectable BCR:ABL1
transcripts at lower levels in two consecutive samples taken at
least two weeks, but no more than 4 weeks, apart. TKI therapy
should be continued for 2 years after stable deep molecular
remission has been achieved. The same TKI agent that was
administered before HSCT is recommended, provided that no new
resistance mutations are detected.

Treatment options for post-transplantation relapse

No relevant change in the reported relapse rates of 43-51%
occurred after the introduction of TKls in adult patients treated for
advanced phase CML [55, 56]. Similar relapse rates of 30-45% are
reported in children and adolescents with CML-BP who have
undergone HSCT [5-71. The initial approach to molecular relapse
(discussed in the preceding subsection) is to restart TKI therapy
and discontinue immunosuppressive therapy as soon as possible.
If BCR:ABL1 transcripts are repeatedly detectable at the same or
increasing level, a diagnostic workup is suggested, including bone
marrow morphology and cytogenetics to define the stage of
relapse, and a tyrosine kinase domain mutation analysis. Although
in most adult patients, the BCR::ABL1 kinase mutation documented
before transplantation persists, cases of clonal evolution in relapse
after allograft are described [81]. Table 4 summarizes the
diagnostic workup after relapse in CML-BP. Ponatinib would
be the TKI of choice when a T315] mutation is present. In a case
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Table 4. Diagnostic work-up of relapse after allogeneic HSCT.

Diagnostics

Bone Marrow Morphology

Blast % and promyelocytes %

Flow cytometry and/or cytochemistry
Cytogenetics (for Ph-positive and/or
additional chromosomal aberrations)

with a minimum of 15 metaphases analyzed
Fluorescent-in-situ-hybridization (FISH) if
marrow cytogenetics fails

Molecular genetics Tyrosine kinase domain mutation analysis if

BCR:ABL1 transcript level >1%

Cerebrospinal Fluid Cytology

report, ponatinib was associated with a durable remission after
molecular relapse in an adolescent patient with CML-BP [82]. The
published pediatric experience with ponatinib is generally limited
to smaller case series, but ponatinib has been associated with a
molecular response in the 55-71% range in children with T315I
mutations and children for whom several previous therapy lines
have failed [83, 84]. Toxicities in children appear similar to those
reported in adults, except for vascular events. Certainly, further
information about safety in pediatric patients is needed. Ongoing
phase I/ll trials with or without chemotherapy are evaluating
ponatinib in children (NCT04501614, NCT03934372). However,
based on reported data at the time of writing, ponatinib should
also be considered in pediatric patients after allogeneic HSCT for
CML-BP lacking the T315] mutation, but with persistent or
increasing molecular markers not responding to 2G-TKI treatment.
Since the use of DLIs was first reported in the 1990s, strategies
to treat relapse after HSCT have relied on their use. Historically, the
graft-versus-leukemia effect is well described in adult CML, and
DLI has been proven to induce durable remission [85, 86].
Nevertheless, data for CML-BP exclusively are sparse, and it is
unclear whether the immunologic effects after allogeneic HSCT
have a similar impact. Studies in adults have demonstrated
synergy when DLIs are combined with TKis [87, 88]. In a
retrospective analysis of 215 CML patients who relapsed post-
transplantation, outcomes after treatment with TKI combined with
DLI, TKI only, and DLI only were examined [89]. In multivariate
analysis, disease status before HSCT was significantly associated
with OS, and OS was similar in patients who received only a TKI
and in those who received a TKI plus DLI (P = 0.81). The authors
concluded i) that despite the use of a TKI before transplantation,
TKI salvage therapy provides a significant OS benefit for CML
relapse after HSCT, and ii) that adding DLI to a TKI does not appear
to improve OS. In another smaller series of 46 adult patients
treated between 1993 and 2012 with either DLI (N =28) or a TKI
(N =18) during a first CML relapse after HSCT (CML-CP, 37; CML-
AP, 9), DLI was associated with inferior OS (hazard ratio, 37.4; 95%
confidence interval, 2.2-625.4; P=0.01), shorter failure-free
survival (hazard ratio, 21.15; 95% confidence interval, 1.8-251;
P=0.02), a higher cumulative incidence of failure (hazard ratio,
19.5; 95% confidence interval, 1.6-236.5; P=0.02), and an
increased incidence of treatment-induced GvHD (68% vs. 6%;
P=10.001) [90]. A major concern is that DLI might induce severe
GvHD, especially when administered early after HSCT. In a large
series of 500 adult patients receiving treatment with DLI for CML
relapse after HSCT (16% molecular, 30% cytogenetic, and 54%
hematologic), the probability of survival in remission without
secondary GvHD was highest (>50% at 5 years) when DLI was
given beyond one year from HSCT for a molecular and/or
cytogenetic CML relapse not preceded by chronic GvHD [91].
Given the lack of prospective studies in children to guide
physicians in managing post-transplantation CML relapse, the risks
and benefits of either TKI or DLI treatment should be evaluated
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carefully, and therapy should be tailored for each patient. For
relapses presenting in advanced phase, the curative therapeutic
approach would be a second remission induction and allogeneic
HSCT. No data suggesting an “ideal” approach have been
developed, and experimental treatment must be considered.
Possible alternative therapeutic strategies are outlined in the
“future prospects” section.

pCML-WP recommendation. To minimize the risk for GvHD,
relapse treatment is recommended to begin with a second- or
third-generation TKI, with resort to DLI as a second-line approach
only in patients who do not respond to a TKI. For patients with
relapse in the advanced phase, a second allogeneic HSCT, if
possible with donor change, after induction of another hemato-
logic remission remains the only curative treatment option at the
time of writing. Participation in clinical trials should be attempted
where feasible.

Future prospects

Reducing the blastic cell pool, achieving a second CP, and
proceeding with allogeneic HSCT as soon as possible are the main
treatment steps in CML-BP. Most pediatric patients reach the goal
of a second remission with immunophenotype-adapted che-
motherapy plus TKI treatment. In CML-BP lymphoid phenotype,
individualization of the induction intensity can be achieved with
parallel monitoring of clone-specific IgH/TCR rearrangement
markers and BCR:ABL1 transcripts. Whether genetic risk features
such as IKZF1 deletions, which are associated with unfavorable
outcomes in BCR::ABL1-positive ALL, also play a role in CML-BP and
should be considered in therapy stratification has not been
investigated [28].

To reduce chemotherapy exposure in patients with lymphoid
malignancies, novel immunotherapeutic interventions are being
intensively pursued and are increasingly advancing to the first line
of therapy in current clinical trials. The bi-specific anti-CD3/CD19
monoclonal antibody blinatumomab has been associated with
remission in patients with BCR:ABLIT-positive ALL when given in
combination with dasatinib and glucocorticoids [92]. In adult
patients, four cases of CML-BP lymphoid phenotype treated with
blinatumomab (three in combination with ponatinib, one in
combination with dasatinib) have been reported [93, 94]. Rapid
and deep remission occurred in all four patients, two proceeded
to allogeneic HSCT, and all were alive after a follow-up of
3-8 months. Of two patients treated with a combination of
inotuzumab ozogamicin and bosutinib, one responded [95]. Only
a few children with CML-BP received blinatumomab under specific
conditions. Further investigation is needed to confirm the role of
immunotherapy (bispecific antibodies like blinatumomab,
antibody-drug conjugates like inotuzumab ozogamicin, CAR-T
cells) in pediatric patients with CML-BP B- lymphoid phenotype.
However, this experience will expand significantly in the coming
years with its wider use in common childhood ALL, making it a
valuable alternative to chemotherapy, particularly for young
patients.

No data on chimeric antigen receptor T cells in pediatric CML-
BP have yet been developed. Conceptually, these cells represent
an interesting alternative therapy in refractory cases with
progenitor B lymphoid CML-BP [96]. However, the currently
available CD19-directed chimeric antigen receptor T cells as well
as specific antibodies target only B-lymphoblasts and presumably
have little effect on the progenitor cell population of the
BCR:ABL1-positive clone. There is, however a case report on an
adult patient with lymphoid BP-CML harboring T315] mutation
who achieved complete molecular remission and returned to
chronic phase by anti-CD19 CAR-T therapy. It seemed that anti-
CD19 CAR-T therapy cleared T315] mutation by eliminating
CD19+ cell clones, which made the patient re-sensitize to the
dasatinib [97]. Although CD26 has been identified as a leukemic
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stem cell marker in CML, its simultaneous expression in healthy
stem cells probably excludes it as a possible target, at least for
current constructs [98, 99].

Asciminib, a new inhibitor targeting the myristoyl pocket of the
ABL1 kinase, has emerged as a promising agent for patients
whose previous therapies have failed [100]. As the early-phase
clinical trials included only a few individuals in AP, experience with
asciminib in the advanced phase of CML is limited and has not
been systematically evaluated [100, 101]. A pediatric study
exploring the safety of asciminib in children has been initiated
(NCT04925479). However, only patients in chronic phase are
included here. Thus, experience regarding the role of asciminib in
the blast phase will only emerge in the coming years.

A key question to be addressed in the future is the prognostic
value of MRD level before transplantation. Extended acquisition
and registration of molecular characteristics such as the presence
of driver mutations should assist in the development of prognostic
risk scores that can be used for therapy decision-making.

To summarize, children and adolescents with CML-BP benefit
from early diagnosis, comprehensive characterization, and close
monitoring. Data from the treatment of this rare entity should be
collected in an international CML-BP registry. Treatment according
to the recommendations presented here could contribute to
improving knowledge and outcome in this critical disease entity.
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