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The non-Hodgkin lymphomas (NHLs) occurring in children and adolescents and young adults (AYA) are characterized by
various age-related differences in tumor biology and survival. Children generally present with high-grade lymphomas,
such as Burkitt lymphoma, diffuse large B-cell ymphoma, lymphoblastic ymphoma, and anaplastic large cell ymphoma,
whereas low-grade histologic subtypes, such as follicular lymphoma, occur more frequently with increasing age.
Treatment outcome for children with NHL is generally superior to that observed in adults. Factors contributing to this
discrepancy include psychosocial factors, patient factors, and differences in tumor biology and therapy. These factors
will be reviewed, with particular attention to the biological features of diffuse large B-cell ymphoma and anaplastic large
cell lymphoma and corresponding therapeutic challenges. Novel targeting agents have been developed, which have
been shown to be active in some patients. There is clearly a need for treatment protocols with eligibility criteria that cover
the full span of the pediatric and AYA age range and that incorporate detailed molecular characterization of the tumors.

Learning Objectives

e To describe age-related biological differences in NHL oc-
curring in the pediatric and AYA population (ages 1-39)

e To describe current treatment approaches for NHL in children
and adults, and to identify ongoing challenges in determining
optimal treatment approach for the AYA population

Introduction

Define NHL with demographics (SEER)

The non-Hodgkin lymphomas (NHLs) are characterized by various age-
related differences in clinical presentation, biology, and outcome.'
Children younger than 16 years of age are defined as the “pediatric”
group, whereas patients whose age is within the 16 to 39 range, are
considered the “adolescent and young adult (AYA)” group.®* The
frequency of newly diagnosed NHL increases with increasing age. The
annual frequency in the US (SEER database) for those in the pediatric,
AYA, and older adult (>40) age groups is 0.5 to 1.2 per 100 000, 1.8 to
7.2 per 100000, and 10.5 to 116.4 per 100000, respectively.®> The
treatment outcomes for those with newly diagnosed NHL in the pediatric
age group are generally better than that for the AYA and older age
groups.”® There are various reasons for the age-associated discrepant
treatment results, and these challenges must be carefully considered as
initiatives are developed to improve outcomes. Some of these challenges
pertain to sociologic and psychosocial aspects of the individual age
groups, whereas others are more directly related to the patient’s general
medical condition and specific biological NHL subtype.>*

Sociological and Psychosocial challenges. Those in the pediatric
age group generally have a parent or guardian advocating for their care,

and in cases where this is lacking, the multidisciplinary medical team
(social worker, child life, nursing, pharmacy, and medical staff) in the local
children’s hospital often makes extra efforts to ensure compliance with the
chemotherapy plan and delivery of appropriate supportive care for this
vulnerable population. Those in the AYA group face some unique
challenges as they transition to relative independence. Risk factors that
may affect the AYA age group include difficulty to secure insurance,
inconsistent medical care with delay in diagnosis, poor compliance with
medication, low rates of enrollment in clinical trials, and less structured
supportive care.® In this regard, the AYA population may in some cases
also be considered at potentially higher risk or more vulnerable.® Pro-
grams to help address these needs have been implemented by the National
Cancer Institute and the American Society of Clinical Oncology.” The
most promising new treatment approaches will not be successful if the
psychosocial infrastructure is not securely in place to deliver them.

Patient factors. There are certain age-associated patient/host
factors that can influence treatment outcome. The International
Prognostic Index (IPI), which includes the patient’s performance
status, has been shown to have significant prognostic value for adults
with NHL.'"® Although components of the IPI, such as lactate de-
hydrogenase (LDH), may have prognostic significance in children,
performance status is not routinely used in planning therapy for those
with newly diagnosed NHL in the pediatric age group. However,
there are some inherited immunodeficiency conditions, such as
ataxia-telangiectasia and X-linked lymphoproliferative syndrome,
where specific treatment modifications need to be incorporated.

Age-related pharmacokinetic challenges must be considered in
treatment planning. In this regard, drug clearance may vary with age
and the maximum tolerated dose for many cancer agents is higher in
younger patients.'' An example of this is the inability of older patients
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with aggressive NHL to tolerate dose-intensification with CHOEP in
NHL-B2, whereas the addition of etoposide improved outcomes in
younger patients.'*!* Moreover, drug-drug interactions may influence
clearance and metabolism of certain chemotherapy agents.'*

Tumor subtype and biology. The spectrum of NHL subtypes
varies with age (Figure 1).* The NHL subtypes occurring in children
younger than 16 years of age are primarily high-grade tumors
comprising BL, DLBCL, lymphoblastic lymphoma (LL), and
ALCL."® Low-grade B-cell lymphomas, such as FL and marginal
zone B-cell lymphomas (MZBCL), are much less common, but
increase in frequency with increasing age."*'> Among histologic
subtypes, biological differences between age groups have been
described, which have significant impact on treatment approach
and outcome.'®2°

The remainder of this review will deal with age-associated tumor
biology and treatment outcome differences, with an emphasis on
DLBCL and ALCL, where the greatest challenges lie.

High-grade mature B-cell lymphomas

Diffuse large B-cell lymphoma

Biology. The DLBCLs are mature B-cell neoplasms characterized
by the expression of surface immunoglobulin (sIg) and B cell-
associated surface markers (CD19, CD20, CD22, and CD79a)."
There are 2 main categories of DLBCL, which include the germinal
center (GCB) and activated B-cell (ABC) subtypes. This biological
distinction among patients with DLBCL appears to vary with age.
Younger patients are more likely to have GCB disease than adults
(age 0-9 years 95% GCB, 10-19 years 80% GCB, adults 42% GCB,
x> 2-sided P value < .0001).>"*> GCB DLBCL has been consistently
associated with improved outcomes over non-GCB disease.***?

BCL2 expression generally increases with age and is associated with
inferior outcomes in DLBCL.?* The adverse risk associated with the
ABC subtype is likely in part secondary to the upregulation of
downstream targets of NF-kB, which include BCL-2 and cyclin D2.*

Various genetic abnormalities have been detected in cases of
DLBCL. 8924 MYC rearrangements may be present and have been
associated with a poorer prognosis in some studies.?® Other reported
abnormalities include the t(14;18)(q32;q21) and 3q27 BCL6 rear-
rangements; however, these are uncommon in pediatric cases.>*’
IRF4 oncogene rearrangements, which have been identified in
a small subset of B-NHLs with a distinct immunophenotype from the
GCB and ABC subtypes of DLBCL, occur more commonly in those
younger than 18 years of age.?’°

Recurrent translocations involving BCL-6, BCL-2, and MYC are
of particular interest because of the associated adverse risk.
Double-hit lymphomas (DHLs), which are associated with a very
poor prognosis in adults, are DLBCLs that contain translocations
involving any 2 of these translocations (MYC/BCL2, MYC/BCLS6,
MYC/BCL2/BCL6). DHLs are associated with dismal outcomes
and are largely restricted to adults with GCB-DLBCL as DHLs are
incredibly rare in the pediatric population.?®2"2® The spectrum of
oncogenic mechanisms and therapeutic targets for the DLBCLs,
which vary according to the molecular subtype (ABC, GCB, and
PMLBCL [primary mediastinal large B-cell lymphoma]), have
been extensively reviewed (Table .Y
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Relative Frequency of NHL Subtypes
by Age at Diagnosis
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Figure 1. ALCL, anaplastic large-cell lymphoma; BL, Burkitt ymphoma;
DLBCL, diffuse large B-cell lymphoma; FL, follicular lymphoma; LBL,
lymphoblastic lymphoma; MCL, mantle cell lymphoma; MF, mycosis
fungoides; MZL, marginal zone lymphoma; SLL, small lymphocytic
lymphoma. Reprinted with permission from Jaglowski et al.*

The BFM (Berlin-Frankfurt-Meunster) study of pediatric DLBCL
confirmed that the majority of cases have a GCB phenotype. They
also reported a stronger association with CD10 and BCL-6 ex-
pression in children compared with adult cases; however, there did
not appear to be age-related differences in expression of BCL-2
or MUM-1.%?* The International FAB (French-American-British)
study also demonstrated a predominance of the GCB phenotype
among cases of pediatric DLBCL.?' They reported that pediatric
cases have a higher proliferative rate and greater MYC expression,
but are generally not associated with BCL-2 overexpression.?! The
superior outcome for children with DLBCL had been thought to be
secondary to the predominance of the GCB subtype in children;
however, there does not appear to be adverse risk associated with
the ABC phenotype in the pediatric population.?® The inability to
demonstrate an associated adverse risk for ABC cases in children
may simply be a consequence of the small number of ABC cases in
this age group, or may reflect age-related differences in treatment.

Treatment

Pediatric. Over the past 15 to 20 years, most children with DLBCL
have been treated with regimens designed for BL, resulting in what
appear to be superior outcomes compared with CHOP-based ap-
proaches used in earlier treatment eras. For example, a 4-year event-
free survival (EFS) of 92% was reported for children with DLBCL
(excluding those with primary mediastinal large B-cell lymphoma,
PMLBCL) compared with 93% for those with BL treated with the
very successful LMB-96 regimen for children with BL and other
high-grade mature B-cell lymphomas (Group B, age range: 2.5-20.5
years).?>3! A similar observation was made in the BEM mature
B-cell study in which children with DLBCL were treated with a
contemporary regimen designed for those with BL (all patients <18
years of age).*> Efforts to further improve outcomes for those with
DLBCL have featured the incorporation of rituximab into frontline
therapy. The COG performed a pilot study in which 6 doses of
rituximab were incorporated into an LMB-96 backbone.**~** The
feasibility results of this study led to an international B-NHL protocol
for children with high-grade mature B-cell lymphomas (including
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Table 1. Non-Hodgkin lymphoma: oncogenic mechanisms and therapeutic target

Lymphoma Subtype

Pathways altered

Targeted Agents

Clinical trials

Age of patients eligible (years)

DLBCL Programmed death-1 Pembrolizumab NCT02541565 18+
CD79% Polatuzumab vedotin NCT01992653 60-80
Programmed death-1 plus BCR activation ~ Nivolumab plus ibrutinlbb ~ NCT02329847 18+
CD20 Obinutuzmab NCT02670317 18-60
BCL-2 Venetoclax NCT02055820 18+
NK cell activation Lenalidomide NCT00670358 18-120
CD30 Brentuximab vedotin NCT01925612 18+

GCB BCL-2 translocation
EZH2 mutations CUDC-907 NCTO01742988 18+
PTEN deletions

nonGCB NF-kB activation Bortezomib NCT01848132 18-70
CARD11 mutations
BCR mutations Ibrutinib NCT02219737 18+
MYD88 mutations Ibrutinib NCT02219737 18+

DHL MYC aberrations CUDC-907 NCT02674750 18+

PMLBCL Programmed death-1 Pembrolizumab NCT02576990 18+
NF-kB activation
CD30 Brentuximab vedotin NCT02423291 18+
JAK2 mutations Ruxolitinib NCT01965119 19-80
REL amplifications

ALCL

ALK* CD30 Brentuximab vedotin NCT01777152 18+
ALK fusion protein Crizotinib NCT01979536 0-21

ALK~ CD30 Brentuximab vedotin NCT01777152 18+

DLBCL and BL), which featured a rituximab randomization for
those with high-risk disease (stage III with LDH > 2X ULN, stage
IV, and Burkitt leukemia; NCT01516580). The first interim analysis
indicated a survival advantage for those receiving rituximab, so the
randomization was stopped.*® The BFM reported preliminary results
on a trial that incorporated a rituximab window into a BFM back-
bone designed for children with high-grade mature B-cell NHL (BL
and DLBCL); the outcome results for this trial are pending (all
patients <19 years of age).*®

The optimal treatment of the PMLBCL subtype, which is associated
with a poorer outcome than other DLBCLs in children, has yet to be
defined. In the LMB-96 trial, which featured a BL-like approach, the
5-year EFS for the stage I[Il PMLBCL was 66% (age range, 12.5-19.7
years; median, 15.7 years)—a result that was significantly less than
other stage III DLBCLs treated on the same regimen (5-year EFS,
85%; P < .001).37 In contrast to what has been observed in children,
adults with PMLBCL have a better prognosis than adults with
other DLBCL subtypes.'® The highly successful DA-EPOCH-R
regimen used in adults with PMLBCL* (ages 19-52 years; median,
30 years) is currently being studied in children in an international trial
(NCTO01516580).

Adult. The most significant improvements in outcomes for adults
with DLBCL has been achieved with the addition of rituximab (R) to
CHOP as reported by Coiffier, in older adults.*® The MinT trial
demonstrated an improvement in progression-free survival (PFS)
(6-year 80% vs 64%) and overall survival (OS) (6-year 90% vs 80%)
with the addition of rituximab to 6 cycles of CHOP in younger adults
18 to 60 years old with stage II-IV disease.*° The RICOVER-60 trial
confirmed Coiffier’s results in patients aged 61 to 80 years and
demonstrated that 6 cycles were equivalent to 8 cycles.*' The
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LNHO03-6B study further defined that every 3-week therapy was
equivalent to dose-dense therapy in the era of rituximab.** The
addition of rituximab to CHOP induction therapy has also largely
obviated the need for autologous stem cell transplant consolidation
for patients in CR1.% Finally, the attenuated immunochemotherapy
regimen R-mini-CHOP suggests that the benefits of rituximab can be
extended to the elderly and frail. **

Adults with DHL are often treated with DA-EPOCH-R, with con-
sideration of autologous stem cell consolidation in CR1,* though
this approach has not been validated in prospective studies.

Outcomes for adults with PMBLC using DA-EPOCH-R without
radiation are outstanding**—other regimens have also been shown to
be active in PMBLC.*¢

In contrast to the pediatric regimens, R-CHOP-21 does not routinely
include central nervous system (CNS) prophylaxis. CNS prophylaxis
is reserved for adults with increased risk for CNS disease (NCCN
guidelines). The optimal CNS prophylaxis regimen remains con-
troversial, but recent data favor systemic high-dose methotrexate
over intrathecal therapy.*’™*°

How does the field move beyond R-CHOP-21? DA-EPOCH-R is cur-
rently being compared with R-CHOP in DLBCL based on phase 2 studies
(CALGB 50303),>? but its use off-study currently remains a category
2B recommendation by the NCCN. Several new agents are also being
tested and may help to improve patient outcomes. These include the novel
anti-CD20 obinutuzumab and the BCL-2 inhibitor venetoclax with CHOP
(NCT02055820), lenalidomide in combination with DA-EPOCH-R or
R-CHOP (NCT02213913, NCT00670358), ibrutinib with obinutuzumab,
and CHOP (NCT02670317) and brentuximab vedotin with R-CHOP.
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AYA Recommendations. Most AYA patients ages 16 to 21 years
with DLBCL referred to a children’s hospital, will be treated with
a BL-based regimen (= rituximab). Regimens featuring rituximab,
such as R-CHOP and DA-EPOCH-R, have excellent results in an
older population with no direct comparisons of the adult R-CHOP/
DA-EPOCH-R with pediatric Burkitt—based approaches in the AYA
population. Considerations for older AYA patients (21-39 years)
who do not chose to participate in a clinical trial include risk adapted
adult regimens discussed before.

Burkitt lymphoma

Biology. Burkitt lymphoma is a mature B-cell lymphoma
expressing surface immunoglobulin (sIg) and a spectrum of surface
B-cell markers (CD19, CD20, CD22): CD10, BCL6, CD38, CD77,
and CD43.'5 These lymphomas are also characterized by the
presence of a reciprocal translocation involving the c-myc gene and
one of the immunoglobulin genes. The t(8;14) is considered the
classical translocation and involves the heavy-chain Ig gene on
chromosome 14, and the t(8;22) and t(2;8) translocations are con-
sidered the variant translocations involving the light-chain immu-
noglobulin genes. Other genetic changes that have been observed in
BL include 13q gains or losses, 11q gains or losses, and mutations in
ID3 and/or TCF3.*° Gains and losses in 13q have been associated
with a poorer prognosis. Gains or losses in 11q have been associated
with MYC negative BL. ID3 and or TCF3 mutations have been
associated with sporadic BL but not DLBCL.*®

A study of cytogenetic abnormalities in adults and pediatric patients
found no age-associated difference within the spectrum of cytoge-
netic abnormalities; however, there were age-related differences with
respect to prognosis. In this cytogenetic study, abnormalities in
chromosome 22q and 13q appeared to be associated with adverse risk
in the pediatric population, whereas abnormalities in chromosome 17
was associated with adverse risk in adults.>® Gene expression pro-
filing and comparative genomic hybridization profiling have not
shown significant differences between adult and pediatric BL.*

Gene profiling studies of BL demonstrate molecular features that dis-
tinguish it from the DLBCLs.>* In the study by Dave et al, those patients
with morphologic DLBCL with an expression profile more consistent
with BL (mBL) had a poorer outcome when treated with CHOP as
compared with those treated with more aggressive regimens.?*>*

Treatment

Pediatric. The CCG trial comparing the alkylator-based COMP
regimen with the multiagent acute lymphoblastic leukemia (ALL)-
like regimen demonstrated a superior outcome for children with
BL treated with the COMP regimen.”® Since that time, further
improvements have been achieved by intensification of therapy
including the addition of HDMTX (high-dose methotrexate),
cytarabine, etoposide, and aggressive CNS prophylaxis/treatment.
One of the most widely used regimens was the LMB-89 regimen,
which featured 3 arms (Groups A, B, and C) of therapy based on
risk.*® The current criteria for these group designations are as fol-
lows: Group A comprises those with completely resected limited-
stage disease, Group C includes those with CNS involvement and/or
=25% lymphoma blasts in the bone marrow, and Group B includes
those not meeting the criteria for either Group A or C. Outcomes with
this regimen were excellent. A subsequent international trial dem-
onstrated that reductions could safely be made in the Group B arm
(age range, 2.5-20.5 years) but resulted in worse outcome in the
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Group C arm (all patients <20 years of age).>**! The BFM designed
a study featuring a rituximab window and BFM backbone designed
for children with BL and DLBCL; the outcome results for this trial
are pending.®® A current international COG/SFOP (French Society
of Pediatric Oncology) trial for children with BL. and DLBCL demon-
strated a survival advantage for those higher-risk (stage III with LDH >
2X ULN, stage IV and Burkitt leukemia) patients (all <18 years of age)
who were randomly selected to receive rituximab (NCT01516580).%

Adult. The approaches for treating adults with BL largely mirror the
approaches implemented in pediatrics, with excellent results for
most patients.’®>® Examples include the CODOX/IVAC regimen®’
R-Hyper-CVAD regimen,”>>® and DA-EPOCH-R.*® The very
successful pediatric LMB-based approach has also been shown to be
very active in adults.’® In this regard, Soussain et al reported a 3-year
OS rate in a retrospective analysis of 65 adults (17-65 years of age;
median, 26 years; mean, 30 years) with BL/Burkitt leukemia treated
with LMB pediatric protocols.’® All regimens include a dose-intense
schema and intrathecal therapy.

AYA recommendations. There is little controversy regarding the
optimal approach to treating patients with BL in the AYA group
because the regimens used in both children and adults are quite
similar. The therapeutic options for AYA with BL include currently
open clinical trials or the aforementioned published regimens, with
a consideration for the addition of rituximab in some cases. In this
regard, higher-risk patients (stage Il with LDH > 2X ULN, stage IV,
and Burkitt leukemia) have been shown to benefit from the addition
of rituximab (NCT01516580)*. Although DA-EPOCH-R has been
quite active in adults with BL, it is unclear whether this approach
would be successful in cases of CNS+Burkitt leukemia.

Anaplastic large-cell lymphoma

Biology. Anaplastic large-cell lymphoma (ALCL) was first de-
scribed by Stein as a pleomorphic large-cell lymphoma with anaplastic
morphology and expressing CD30.'>%° The ALCLs are primarily of
T-cell immunophenotype, although null-type and B-lineage cases have
rarely been reported. The t(2;5) translocation is commonly associated
with this lymphoma and features a fusion gene comprising NPM and
ALK® '; however, variant translocations involving ALK and another
partner gene may occur in some cases. The protein product can be
detected with immunohistochemistry stains for ALK in both cyto-
plasm and nucleus for cases containing the t(2;5) and in the cytoplasm
alone in cases with the variant ALK translocations. Effectors down-
stream of ALK, including RAS/ERK, PI3K/AKT, and JAK3/STAT3
pathways, may be potential therapeutic targets.>

The frequency of genetic abnormalities varies with age in ALCL.
Most pediatric cases of ALCL are ALK-positive. Among adults,
ALK-positive patients are typically younger (median age 28-34
years, range 6-77 years) than ALK-negative patients (median age 58
years, range 22-94 years).'®%> Emerging prognostic markers such
as DUSP22 (median age 54 years, range 36-76 years) and TP63
(median age 48 years, range 30-73 years) are largely restricted to
adult populations and are rarely seen in pediatric patients. Regarding
impact on prognosis, the 30% of ALK- negative patients that had
DUSP22 rearrangements had a 5-year OS of 90%, in contrast to the
8% of ALK-negative patients with TP63 rearrangements who had
a 5-year OS of 17%. “Triple-negative” ALCL patients had an
intermediate prognosis with a 5-year OS of 42%.'® Studies have
suggested that ALK-negative DUSP22-positive ALCL may be
morphologically distinct from other ALK-negative ALCL.%?
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The prognosis for children with ALCL is superior to that observed in
adults, which may be driven by the differences in biology described
here before. Among adults, the outcome for those with ALK- positive
ALCL is superior to that for those with ALK-negative disease.'”* In
fact, the outcome for adults with ALK-positive ALCL approaches that
described for children with ALCL (usually ALK-positive), suggesting
that biology is a key prognostic factor independent of age in ALCL.

Treatment

Pediatric. Varied approaches have been used in the management of
pediatric ALCL and range from CHOP-based approaches to those
designed for the treatment of BL, with fairly comparable treatment
results. The 2 most recently used regimens are the anthracycline-
based APO regimen® (doxorubicin, vincristine, prednisone) given
every 21 days for approximately 1 year, and the BFM Burkitt-like
backbone approach used in the ALCL99 European trial (age range,
4 months to 19.5 years; median, 11 years).® The ALCL99 approach
has a total cumulative anthracyline dosage less than that in the APO
regimen; however, it is more intensive with increased risk for fever
and neutropenia. A 3-year EFS of ~70% was achieved with both
regimens. Encouraging results from the study of single-agent vin-
blastine®” in patients with relapsed ALCL prompted its inclusion in
2 multicenter randomized trials in an effort to improve outcome.
The ALCL99 trial randomized the use of vinblastine in higher-risk
patients in the context of a previously reported and successful
BFM Burkitt-like backbone (eligibility, age <22 years).® Con-
currently, the COG randomized the use of vinblastine for advanced-
stage patient in the context of an APO backbone (age range 0.7-20
years).®” Both studies failed to show an improvement in outcome,
with the addition of vinblastine into the backbone regimens.*®%°

Factors associated with adverse risk include ALK antibody status,
minimal disseminated disease (MDD), and minimal residual disease
(MRD), and may be used to risk stratify-therapy.**"°

Targeted therapeutic approaches have been shown to be active in
adults and children with relapsed ALCL. The antibody drug con-
jugate, brentuximab vedotin, which targets CD30, has demonstrated
safety and activity in phase 1 and 2 trials.”"? Crizotinib, a small-
molecule inhibitor of ALK, has also been shown to be active and well
tolerated in both children and adults.”® In this regard, both bren-
tuximab vedotin and crizotinib have both been incorporated into the
current frontline COG trial for children with newly diagnosed ALCL
(NCT01979536).

Adult. Current adult NCCN guidelines recommend multiagent
anthracycline-based regimens for ALCL (NCCN version 2.2016).
NHL-B1 suggests that CHOEP is superior to CHOP (either every 2
or 3 weeks) in patients aged 18 to 60 years with normal LDH with
aggressive lymphomas, with an improvement in 5-year EFS from
55% to 61% (every 2 weeks vs every 3 weeks) to 69% (P = .004). 12
NHL-B2 suggests that CHOP-14 is superior to CHOP-21 (5-year
EFS 33% vs 44%, P = .003) in patients with aggressive lymphomas
aged 61 to 75 years and that the addition of etoposide is too toxic in
older patients."® Though ALCL patients represented a minority of
patients on these studies (9.4% and 3.5%, respectively), these
studies examined the role of etoposide and dose intensification in
the prerituximab era across aggressive lymphomas and provide the
foundation for the NCCN recommendations in ALCL. NHL B-1
and B-2 only included routine CNS prophylaxis for patients with
lymphoblastic disease.
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Adults with ALK-positive disease are believed to have better out-
comes than those with ALK-negative disease when treated with
CHOP-like regimens (5-year PFS 70% in ALK™" vs 49% in ALK
disease).'®%> DA-EPOCH may be a promising approach to both
ALK+ and ALK disease, with a reported 5-year PFS of 80% and
71%, respectively, though reported numbers were small and
DUSP22 and TP63 status were unknown and unbalances may have
influenced outcomes (age range 19-68 years, median 38 years).”*

The French reported favorable outcomes with consolidative autol-
ogous stem cell transplant in CR1 in patients with ALCL, though 7 of
15 patients were ALK ".” The Nordic NLG-T-01 trial suggested that
consolidative autologous stem cell transplant in CR1 may be ben-
eficial for patients with ALK disease, but again numbers were small
(31 patients) and biological subtypes were unknown.”® Others have
reported similar results in single-arm studies, suggesting a benefit for
autologous stem cell transplant in CR1.”7-" In contrast, a Cochrane
review suggested that consolidative autologous stem cell transplant
in CR1 did not benefit patients with aggressive NHL but further,
ideally randomized, studies are needed to clarify this point.®' Future
studies will need to stratify patients with emerging prognostic
variables such as DUSP22 and TP63.

Fueled by encouraging results in advanced disease, brentuximab
vedotin and crizotinib are being studied in frontline trials in ALCL.%*
As a single agent, brentuximab vedotin produced an 86% objective
response rate (ORR) among 58 patients with relapsed or refractory
ALCL enrolled in the study (number of patients treated by ALK
status: ALK, n = 42 (72%) and ALK ", n = 16 [28%]), with a median
duration of response of >1 year.”* Similarly, crizotinib has produced
ORR of 90% in patients with relapsed or refractory ALK" ALCL
with a 2-year PFS of 64%.%*%* Ongoing studies in adult ALCL
include the substitution of brentuximab vedotin for vincristine on the
CHOP backbone as firstline therapy in CD30" mature T-cell lym-
phomas (ECHELON-2) (NCT01777152).

AYA recommendations. There are no data suggesting a clear
advantage for any single regimen in the treatment of ALCL, re-
gardless of age. Nevertheless, the risks and benefits of different
regimens should be considered. Therapeutic options for AYA pa-
tients with newly diagnosed ALCL include open clinical trials
featuring novel targeting agents. Alternatively, other aforementioned
regimens can be considered.

Lymphoblastic lymphoma

Biology. Lymphoblastic lymphomas (LLs) comprise both
precursor-T and precursor-B phenotypes.'> Among the pediatric age
group, the majority have a precursor-T immunophenotype. They are
characterized by the expression of various surface markers as de-
tected by immunohistochemistry or flow cytometry. The cytogenetic
features of T-lymphoblastic lymphoma are less well described than
other NHL subtypes in children. Chromosomal abnormalities have
been described in T-ALL and T-LL which involve the TCR genes
and result in the juxtaposition of an oncogene with the regulatory
regions of the TCR genes. Examples of oncogenes involved in these
translocations in T-LL include TALI, LMO2, LYLI, HOXA9, TLX1,
and TLX3.2° Among children with T-LL, Notch 1 mutations have
been associated with a better prognosis, whereas LOH6q (loss of
heterozygosity at 6q) is associated with a poorer prognosis.®> A
poorer prognosis has also been associated with absence of biallelic
TRG deletion (ABD) and PTEN mutations.”’
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Although T-ALL and T-LL share some of the same cytogenetic and
molecular abnormalities, genomic studies featuring RNA-expression
profiling and whole-exome sequencing analysis have suggested
some differences between T-ALL and T-LL.>*%¢ Additional next-
generation sequencing studies are clearly needed to more compre-
hensively compare these entities. There are very limited data on the
biology of B-LL. Molecular characterization of these tumors is
needed both for clarifying the pathogenic mechanisms compared
with B-ALL and, more importantly, to identify molecular lesions for
which novel targeting agents can be used as has been done in B-ALL.

Treatment

Pediatric. Current strategies for the treatment of LL have largely been
derived from successful approaches to the treatment of T-ALL.5!
These regimens generally comprise induction (vincristine, daunorubicin,
asparaginase, and a corticosteroid), consolidation, continuation, and re-
induction/reintensification phases. With contemporary treatment pro-
tocols, a 5-year EFS of 80% to 85% can be achieved for children with
advanced-stage LL. Several trials have demonstrated that prophylactic
cranial irradiation can be safely eliminated without compromising
outcome.***® Two randomized trials in the United States demonstrated
that HDMTX can be safely eliminated for most children with LL, as
long as sufficient intrathecal chemotherapy is administered.’®*>

There are no clinical features that have been shown to have reliable
prognostic significance. The measurement of minimal disseminated
disease (MDD) in the bone marrow at diagnosis has been shown to
have prognostic significance.”® Current trials are including this risk
factor in trial design with some form of intensification for those with
increased MDD. Some children with B-LL have been treated on the
same protocol/regimen as that used for T-LL (eg, COG A5971),”
and not modified based on biological features as is done with
B-ALL—the consequence of limited biological data for B-LL. Other
current protocols are phenotype-specific and therefore include pa-
tients with T-LL and T-ALL on the same protocol, which is distinct
from the protocol designed to include both B-LL and B-ALL.

Adult. The GMALL studies for adults with LL mirror to some
degree the ALL-like approach used in children, featuring in-
duction, consolidation, and re-intensification phases, delivered
over 6 to 12 months.”* In contrast, most contemporary pediatric
regimens are given over 2 to 2.5 years. MD Anderson Cancer
Center also implemented the hyper-CVAD regimen for adults
with LL, and reported estimated 3-year PFS and OS rates of
66% and 70%, respectively (age range 17-59 years, median 28
years).”> Other trials for adults with LL have incorporated an
intensification phase with hematopoietic stem cell transplant
support,96 an approach that is not used in pediatric regimens. The
treatment outcome for adults is inferior to that achieved in
children.* The reasons for this are not entirely clear and may be
secondary to as yet unidentified biological differences in lym-
phoma pathology or differences in tolerance of intensive ALL-
based therapy. Adults with B-LL are often treated with regimens
used for B-ALL and may incorporate novel agents.

AYA recommendations. There are no clear data indicating that
one treatment approach is superior to others. Among patients who
are not eligible for or who do not chose to enroll in a contemporary
clinical trial, previously published approaches as listed before can
be considered. The risk and benefits of previously published ap-
proaches will help determine the optimal approach individual AYA
patients.
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Follicular lymphoma

Biology. The follicular lymphomas (FLs) are mature low-grade
B-cell neoplasms characterized by expression of slg, CD10, CD20,
CD22, CD23, CD79a, BCL-6. and BCL-2; the t(14;18) translocation
is present in some cases.'> More recently, “pediatric subtype” has been
recognized in the World Health Organization classification.®” Al-
though this is a clonal B-cell process as indicated by IgR, the tumors
are typically BCL-2™ on immunohistochemistry stain and lack the
t(14;18). This pediatric subtype is generally associated with limited
stage and excellent outcome with conservative approaches. Although
most children with FL have the “pediatric” subtype, some present
with advanced-stage disease and are found to have the classical adult
type. Conversely, some adults have been found to have the pediatric
subtype and have excellent outcomes as observed in children.”®

Treatment

Pediatric. Historically, most children with FL have received some
type of conservative management approach, which generally in-
cludes surgical resection and chemotherapy, although some have
been treated successfully with surgery alone.””'® In this regard,
most children with completely resected “pediatric” FL (BCL-2" and
lacking the t(14;18)) are currently treated with close observation
without chemotherapy or radiotherapy. Additional data for this
“watchful waiting” approach are needed.'®

Adult. The approaches to treating adults with FL are quite varied
and include complete resection, low-dose chemotherapy, immuno-
therapy including rituximab, intensification strategies such as hemato-
poietic stem cell transplant, and other modalities such as involved field
radiation therapy. These approaches have been reviewed in detail.'*! Of
note, adults with the “pediatric type” of FL. do well with conservative
management, as is the case in children.”®

AYA recommendations. The most important determinant to
treatment approach is whether the patient has the “pediatric” subtype
of FL. If they do, conservative approaches with complete surgical
resection of limited-stage disease and watchful waiting are rea-
sonable. If the pathology indicates a nonpediatric FL, any of the adult
approaches can be considered depending on presenting risk factors.

Conclusions

There is clearly a need for trials that span the complete age range of
the pediatric and AYA groups (ie, ages 1-39 years). This will permit
more accurate age-related comparisons regarding outcome and
toxicity. Moreover, these trials should incorporate sophisticated
molecular studies (eg, next-generation sequencing) of the lymphoma
biopsy samples. This will be particularly important for the DLBCL
and ALCL histologic subtypes, where striking age-associated bi-
ological differences have already been discovered that have both
prognostic and therapeutic design implications. Another important
challenge is the refinement of a multidisciplinary approach to di-
agnosis. Currently, most clinicians attempt to make the diagnosis
of NHL with the least invasive approach such as interventional
radiological-directed fine-needle biopsy; however, this strategy often
does not provide enough tissue for more comprehensive biological
characterization of the tumors. This challenge must be addressed in the
context of a research trial and may necessitate re-biopsy.

The use of Web sites that review the availability of open clinical trials

for AYA patients with NHL should provide AYA patients with better
access to novel treatment approaches. It has been suggested that trained
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navigators would be important advocates for some AYA patients seeking
help in reviewing Web site options and in dealing with barriers to
contemporary therapy.® The rapidly increasing knowledge of the complex
molecular pathology of NHL in the pediatric and AYA populations,
coupled with the rapidly expanding armamentarium of novel biological
and targeting agents, will require some degree of subspecialization within
the pediatric and adult medical oncology communities.
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ABSTRACT

The European LeukemiaNet has periodically issued guidelines for the diagnosis and
management of acute myeloid leukemia (AML) in adults. These consensus recommendations,
most recently updated in 2022, incorporate recent advances in genomic testing, disease
detection methods, target identification, and response assessment. Whilst similarities exist
between AML in children and adults, pediatric AML is frequently characterized by unique
cytogenetic and molecular features, which require distinct genetic and immunophenotypic
diagnostics, therapeutic approaches, response assessment criteria, and supportive care
strategies. To address these specific needs, an international panel of pediatric hematologist-
oncologists, biologists, geneticists, and laboratory medicine scientists convened to develop
recommendations for the diagnosis and management of AML in children, adolescents, and

young adults (hereafter termed pediatric AML) that are discussed in this special report.
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INTRODUCTION

Numerous publications have described the distinct biology of childhood AML and the
successes of multi-modal therapeutic regimens developed by pediatric oncology consortia
throughout the world. However, a lack of updated guidelines since 2012 has hindered unified
approaches to the diagnosis and management of this special patient population.* Cooperative
clinical trial groups as such have implemented somewhat differing approaches to risk
classification, diagnosis, treatment, response assessment, and supportive care of children and
adolescents/young adults (AYAs) with AML, making it difficult to establish universal pediatric-
specific standards of care. Consequently, adult AML guidelines primarily developed for medical
hematologist-oncologists often unduly influence the diagnostics, therapy, and definitions used in
pediatric AML research, drug development, and clinical practice and are often less relevant for
children.? In 2022, several consensus guidelines regarding adult AML were published by
European LeukemiaNet (ELN) and International Consensus Classification (ICC) committees,®*
as well as an inaugural World Health Organization (WHO) classification for pediatric tumors.®

This special report aims to address this knowledge gap via provision of consensus
recommendations from an expert international panel regarding the diagnosis, management,
therapy selection, risk status determination, response criteria, and unique considerations for

rare biologic subsets of pediatric AML (Figure 1).

METHODS

Pediatric hematologist-oncologists and biologists, geneticists, and laboratory medicine
scientists with expertise in childhood AML from the Associazione lItaliana di Ematologia e
Oncologia Pediatrica (AIEOP; ltaly), Berlin-Frankfurt-Minster Study Group (BFM; Austria,
Germany), Children's Oncology Group (COG; Australia, Canada, Ireland, New Zealand, United
States), Nordic Society of Pediatric Hematology-Oncology/Dutch-Belgian/Spain-Hong Kong-

Israel-Portugal (NOPHO-DB-SHIP; Denmark, Estonia, Finland, Iceland, Latvia, Lithuania,
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Norway, Sweden; Belgium, Hong Kong, the Netherlands; Israel, Portugal, Spain, Switzerland),
Société Francaise de lutte contre les Cancers et les Leucémies de I'Enfant et de I'adolescent
(SFCE; France), Japan Children’s Cancer Group (JCCG, formerly Japanese Pediatric
Leukemia/Lymphoma Study Group [JPLSG]; Japan), and MyeChild (Australia, France, New
Zealand, United Kingdom) consortia comprised the international expert panel. The first one-day
meeting was organized in March 2023 in Amsterdam, the Netherlands, where discussions
occurred regarding assembled data from a questionnaire completed by participants prior to the
meeting. Follow-up meetings were held in San Diego, California, United States in December
2023 and December 2024. These pediatric AML consensus guidelines were developed
following this series of in-person meetings and subsequent written communications upon
comprehensive review of relevant publications and abstracts, categorization of evidence, and

group discussion and agreement.

Diagnosis of Pediatric AML

Definitive diagnosis of AML in pediatric patients requires multi-modal analysis of bone
marrow aspirate and/or trephine biopsy material by morphology, immunophenotyping, and
comprehensive genetic testing (Figure 2). Peripheral blood analysis when blasts are present
may be performed for rapid diagnostics or when clinical instability of the patient precludes
general anesthesia and/or invasive procedures, but every effort should be made to obtain bone
marrow material for best diagnostic results. Per current WHO and ICC criteria, all leukemia-
defining genetic abnormalities must be identified, which may be unique to children and/or differ
in frequency from alterations in adults with AML.*®" As risk stratification and treatment may vary
depending on cytomolecular data (see Risk Classification), comprehensive testing to identify
relevant genetic abnormalities is essential. As the number of modalities to detect AML-
associated genetic alterations needed for diagnosis and risk stratification has increased, testing

in multiple laboratories may be required. Most pediatric leukemia collaborative groups have
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organized dedicated central laboratories with long-standing expertise in childhood AML for
genetic diagnostics, morphology, flow cytometry, and/or measurable residual disease (MRD)
analysis. When feasible, biobanking of diagnostic material for potential subsequent confirmatory
clinical testing is advised, as well as for future research studies.

All pediatric patients with AML require central nervous system (CNS) staging with
analysis of cerebrospinal fluid (CSF) obtained via lumbar puncture (LP) unless there are focal
neurological symptoms or signs of raised intracranial pressure that require antecedent CNS
imaging. Many consortia delay the diagnostic LP and administration of intrathecal chemotherapy
until one week into induction therapy to minimize risk of traumatic LP in the setting of initial
coagulopathy and/or thrombocytopenia and following systemic chemotherapy-induced
clearance of peripheral blood blasts, which has not appeared to affect clinical outcomes to
date.™® Evaluation of non-CSF extramedullary involvement via diagnostic imaging modalities
and/or tissue biopsy should be performed when indicated. Baseline end-organ function should
also be assessed via peripheral blood laboratory studies and cardiac imaging for all patients

prior to therapy initiation (Figure 1).

Morphology

Morphologic classification of AML is based upon characteristic lineage-associated
phenotypes (undifferentiated, myeloid, promyelocytic, monoblastic, erythroblastic, or
megakaryoblastic) and defined according to the French-American-British (FAB) and WHO
classifications.>*® Analysis of May-Grunwald-Giemsa- or Wright-stained bone marrow material
by light microscopy delineates the percentages of undifferentiated, granulated, or atypical
blasts, abnormal intracellular structures (eg, Auer rods), and myelodysplasia if present.
Cytochemistry may confirm lineage affiliation and is used to classify myeloid (myeloperoxidase
positivity) and monoblastic differentiation (non-specific esterase positivity). Whether morphology

and cytochemistry are conclusive or ambiguous, such as in the case of acute megakaryoblastic
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leukemia (AMKL, FAB M7) and minimally differentiated AML (FAB MO0), flow cytometry
immunophenotyping will typically provide the most comprehensive, specific, and sensitive result
and is essential in the setting of atypical morphologic features.

Morphologic distinction of AML from myelodysplastic syndrome (MDS) can be
challenging in children with low percentages of bone marrow blasts. Highly-sensitive modern
genetic testing can often identify AML- versus MDS-defining somatic alterations, as well as
germline variants predisposing to MDS (discussed in ‘Genetic Characteristics of Pediatric AML’
and ‘Special Conditions in Pediatric Patients with AML’). Trephine biopsy can also be helpful
and may require short-interval repeat performance, as detection of AML-specific genetic
alterations, CNS and non-CNS extramedullary disease, and/or development of bone marrow
progressive disease or peripheral blood hyperleukocytosis within a limited time period (ie, 2-4
weeks) are supportive of an AML diagnosis rather than MDS.®’ Conversely, more prolonged
and stable cytopenias in the setting of morphologic dysplasia with low blast percentage may be
more consistent with an MDS diagnosis, particularly if other MDS-typical clinical features exist
and AML-defining genetic alterations are absent.”

Morphology remains an accepted technique for assessment of treatment response in
adults with AML, while other modalities are also used in conjunction with morphology for

response determination in children (discussed in ‘Assessment of Response’).

Immunophenotyping

Immunophenotyping by multi-parameter flow cytometry (MFC; using 24 and frequently 8-
12 fluorophore-conjugated antibodies) is an essential rapid technology that should be used in
pediatric AML diagnostics.™® MFC is the definitive method to determine leukemia lineage and is
necessary for classification of AML types defined by differentiation.™? Two or more marker
combinations of myeloperoxidase, CD13, CD33, and CD117 are hallmarks of general myeloid

derivation, whereas additional expression of >2 CD11c, CD14, CD36, or CD64 antigens heralds
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monocytic differentiation. Megakaryoblastic lineage is defined by positivity of CD41, CD42b,
and/or CD61 along with myeloid markers, but non-specific reactions due to platelet adhesion to
blasts and other residual leukocytes should be excluded.”®*'* Lack of CD11a is a sensitive
adjunctive criterion of blasts of megakaryoblastic origin and should prompt genetic testing for
AMKL-associated alterations.™ In addition, several pediatric AML entities with defining genetic
abnormalities are characterized by specific antigen expression patterns.**® One example is the
RAM phenotype identified by bright expression of CD56, dim-to-negative CD38 and CD45, and
absent HLA-DR and CD36, which is highly associated with CBFA2T3::GLIS2 fusion-driven
AMKL.'"*®  Acute promyelocytic leukemia (APL) with PML::RARA fusion also has a
characteristic immunophenotype with bright CD99 expression, frequent CD2 positivity, dim-to-
negative CD11a and CD15 expression, and absent CD34 and HLA-DR.! KMT2A-rearranged
AML often is positive for NG2 expression.” MFC assessment of specific antigen expression on
AML blasts can also inform selection of relevant immunotherapy approaches (discussed in
‘Treatment of AML’ and reviewed elsewhere).?*?* Finally, MFC delineation of immunophenotypic
diagnostic fingerprints increases both sensitivity and specificity regardless of leukemia-
associated immunophenotype (LAIP) and/or ‘difference from normal’ (DfN) patterns utilized for
subsequent MRD assessment following chemotherapy (discussed in ‘Assessment of
Response’).?

Table 1 summarizes the recommended antigens for pediatric AML immunophenotypic
analysis. MFC panel combinations should be designed always to include CD45 and preferably
>1 precursor stage marker in each tube to enable optimal gating and analysis of the blast
population. With the advent of MRD assessment by MFC, a broad cell-surface antigen panel is
incorporated in the immunophenotypic evaluation at diagnosis, including CD33, CD34, CD45,
CD117, and HLA-DR, with mandatory differentiation-describing markers and optional other
aberrantly-expressed markers per individual case.®*?® Marker positivity on AML cells compared

to intra-sample normal populations (that distinguish immature myeloblasts from
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maturing/differentiating cells) should be assessed using biologically meaningful semi-
quantitative estimates rather rigid cut-off points.**

Cytogenetics

Conventional karyotyping of metaphase cells by G-banding remains a valuable tool,
although may be used less frequently in the modern era of sensitive and cost-effective
molecular testing.”** Twenty G-banded metaphase cells should be analyzed, and the
karyotype should be reported according to the International System for Human Cytogenomic
Nomenclature (ISCN).?® To detect AML-defining genetic abnormalities consistent with current
WHO criteria,®” laboratories must complement Kkaryotyping with techniques such as
fluorescence in situ hybridization (FISH), RNA/DNA sequencing, polymerase chain reaction
(PCR), and/or next generation sequencing (NGS). As leukemia-defining genetic abnormalities
are largely mutually exclusive within de novo AML, stepwise testing can be performed while
ensuring an efficient turnaround time (TAT) necessary for good clinical care of patients and
therapeutic selection.

Canonical AML-defining genetic alterations listed in the WHO classification and other
databases should be assessed (Table 2).>"%*?" FISH is an essential complement for identifying
specific chromosomal abnormalities and confirming karyotypic findings, as well as detecting
cytogenetically-cryptic fusions (eg, involving CBFA2T3, ETV6, KMT2A, MLLT10, or NUP98).%*
FISH can be performed on interphase nuclei and/or metaphases from a variety of starting
materials, including cultured cells, fresh blood/bone marrow, bone marrow aspirate slides, CSF
cytospin slides, touch imprints from core biopsies, and formalin-fixed paraffin-embedded tissue,
and has a rapid turn-around time that if often essential for urgent diagnosis and appropriate
therapy initiation (eg, PML::RARA fusion detection in APL).?® Laboratories should validate FISH
probes according to country-specific regulatory requirements and define their cut-offs for

positivity, which are probe-specific and dependent upon the material used.
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Next-generation sequencing

Next-generation sequencing (NGS) technologies, including transcriptomic/whole exome
sequencing (WES), are increasingly essential in comprehensive AML diagnostics and molecular
monitoring, including detection of pathogenic gene variants and cytogenetically-cryptic
alterations or when cytogenetic analysis fails.” Whole genome sequencing (WGS) can detect
most relevant pediatric AML-associated genetic rearrangements and pathogenic variants, but is
not yet widely available or cost-effective and lacks sequencing depth to identify mutations in low
blast percentage settings.?® Clinically available targeted genome and transcriptome sequencing
platforms are particularly valuable for detection of cytogenetically-cryptic fusions and
rearrangements with multiple 5’ fusion partners potentially associated with differential prognoses
and risk stratification (eg. ETV6, KMT2A, NUP98).3>*? Chromosomal microarrays have unique
capabilities in identifying segmental copy number variants (CNVs), copy neutral loss of
heterozygosity (CN-LOH) regions, and complex cytogenetics that may have prognostic
implications in pediatric AML.**** Optical genome mapping and long-read NGS are newer
technologies that are especially promising for the identification of structural variants.***

Nonetheless, widespread adoption and implementation of newer cytogenetic and
genomic methods faces several difficulties, including limited resources, availability of
experienced bioinformaticians, and lack of standardized procedures. Definition of complex

karyotypes (ie, >3 unrelated cytogenetic aberrations) and monosomal karyotypes in the

absence of AML-defining fusions via newer methodologies can also be challenging.

Genetic Characteristics of Pediatric AML
Oncogenic rearrangements/fusions

Approximately 75% of pediatric AML cases have detectable chromosomal alterations
(Table 2), the majority of which confer prognostic significance and have been described in detail

elsewhere.®"*® KMT2A rearrangements are most frequent, occurring in 20-30% of pediatric AML
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with enrichment in infants diagnosed at <12 months of age (40% of cases) and with differential
prognoses based upon the specific fusion partner.*>** Other common subtypes include those
driven by favorable-risk RUNX1::RUNXT1 or CBFB::MYH11 fusions (collectively termed core-
binding factor AML), each accounting for 12-15% of cases. APL with PML::RARA fusion or other
uncommon RARA rearrangements account for 5-10% of pediatric AML. Poor-risk NUP98
rearrangements with various gene partners also occur in 5-10% of cases. Take together, these
four distinct genetic groups involving comprise over 60% of pediatric AML, highlighting their
pivotal role in leukemia pathogenesis, disease classification, and molecular profiling.®’

Several rare alterations are almost exclusively seen in infants and very young children
with AML/AMKL, such as ETV6 rearrangements, RBM15::MRTFA fusions, NUP98::KMD5A,
and CBFA2T3::GLIS2 fusions, many of which are associated with chemoresistance and/or high
relapse risk.”* AML with KAT6A::CREBBP fusions interestingly may spontaneously regress in
infants, but is associated with poor prognosis when diagnosed in young children outside of
infancy.3%4°
Somatic sequence variants/mutations

Somatic mutations, although less frequent drivers in childhood AML compared to adult
disease, have emerged as significant determinants of outcome and may also provide potential
targets for precision medicine therapies. Recent NGS data have deepened knowledge of such
somatic mutations and provided critical information about their clinical utility as individual
entities, but more importantly as cooperating events.

FLT3 internal tandem duplication (ITD) mutations in the juxtamembrane domain and
single nucleotide variants (SNVs) in the tyrosine kinase domain (TKD) are the most well studied
mutations in AML. Both mutations lead to cytokine-independent receptor activation and may be
therapeutically targetable by FLT3 inhibitors.** FLT3-ITD mutations at specific minimum mutant-

to-wild-type ratios are associated with adverse clinical outcomes with conventional
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chemotherapy in both adults and children, while TKD mutations are not prognostic in pediatric
AML.*** While earlier studies reported significantly worse survival of children with AML and
high FLT3-ITD allelic ratios, more recent studies have shown that the prognostic significance of
FLT3-ITD is most frequently driven by cooperating alterations, including oncogenic fusions (eg,
NUP98::NSD1) and sequence variants (eg, WT1 or NPM1 mutations).***®

NPM1 and CEBPA mutations in pediatric AML are associated with improved survival
with frontline chemotherapy and are used in current clinical trial risk stratification. NPM1 and
FLT3 mutations frequently co-occur, and NPM1 mutations mitigate the usually-adverse
prognostic significance of FLT3-ITD to portend more favorable survival of such patients with
chemotherapy alone and lack of indication for HSCT in CR1.**° However, the recently-
described type D NPM1-mutant subtype is associated with adverse outcomes.’® CEBPA
mutations commonly occur in tandem, where the most common cooperating event in those with
CEBPA N-terminal domain mutations is a second CEBPA mutation in its bZip domain. Although
current risk classification requires presence of both mutations, more recent studies have shown
that bZip domain mutations alone are sufficient as a favorable prognostic biomarker.>*? Other
studies have also defined cooperating events in CEBPA-mutant AML and identified CSF3R co-
mutations as conferring very high risk of relapse.>®

Several somatic mutations prevalent in adult and elderly AML (potentially also
associated with clonal hematopoiesis) are rare in childhood AML, including IDH1, IDH2, and
DNMT3A pathogenic variants. IDH1 and IDH2 mutations may be seen in adolescents,
frequently co-occur with NPM1 mutations, and are not associated with adverse prognosis.>**°
Uncommon DNMT3A variants in association with FLT3-ITD and NPM1 ‘triple hit' mutations
rarely occurring in adolescents have expectedly dismal outcomes.®®*’
Additional pathogenic somatic variants have recently emerged as potentially prognostic

factors within pediatric AML and may merit inclusion in revised risk stratification algorithms.

TP53 mutations occur very infrequently in children with newly-diagnosed AML, but have
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increased frequency in relapse and appear highly associated with poor outcomes.*®®* MYC,
ASXL1, and ASXL2 mutations are enriched in RUNX1::RUNX1T1 and CBFB::MYH11 AML and
may have less favorable prognostic implications.®> UBTF-tandem duplication and KMT2A-partial
tandem duplication mutations have also been associated with chemoresistance and poor
survival.®** WT1 mutations occur in virtually every genetic subtype of pediatric AML, but their
prognostic significance remains incompletely defined given high overlap with other variants.%*
Similarly, NRAS and KRAS mutations are the most commonly-detected variants in childhood
AML.%"%® However, given their subclonal nature, frequent disappearance at relapse, and lack of

clear association with clinical outcomes, these variants are not used for risk stratification or

therapeutic targeting.®

Risk Classification and Stratification of Pediatric AML
Introduction to classification

The first classification of acute leukemia was published by the FAB group in 1976 upon
realization that a common language was needed to distinguish leukemia subtypes and to
assess patient data accurately in clinical trials.® Early versions of WHO classifications were
largely based upon adult leukemia biology,” leaving nearly half of childhood AML cases in the
group of ‘not otherwise specified’ (NOS) and highlighting a persisting need for a pediatric-
specific approach. While the most recent WHO 5™ Edition of the Hematolymphoid Tumors’ and
ICC of Myeloid Neoplasms and Acute Leukemias* classifications are primarily based upon adult
leukemia biology and clinical outcomes, both contain pediatric-specific considerations. As
aforementioned, many genetic subtypes of childhood AML are so rare that evidenced-based risk
stratification and potentially differential therapeutic allocation remains challenging. A risk
stratification system should thus aim not only to provide prognostic information, but also to
reflect the impact of available treatment options in the modern era, including biologically-

relevant small molecule inhibitors and immunotherapies as appropriate. Intensified
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chemotherapy, use of allogeneic hematopoietic stem cell transplantation (HSCT) in first
complete remission (CR1), and/or intercalation of targeted therapies used in current treatment

protocols and risk stratification algorithms may further ‘neutralize’ historically poor-risk factors.

Recommendations for classification of pediatric AML

The most recent WHO and ICC classifications differ slightly in their considerations of
AML-associated genetic alterations and disease-defining leukemia blast thresholds in the bone
marrow.*” The pediatric volume of the 7" edition of the WHO classification published by the
International Agency for Research in Cancer in 2023 includes additional genetic subtypes found
predominantly in children, including those with NUP98 rearrangements, ETV6 rearrangements,
KAT6A::CREBBP fusions, CBFA2T3::GLIS2 fusions, and specific other KMT2A rearrangements
(Table 3),° which should also be used in pediatric AML classification. Integration of AML-
defining genetic abnormalities into these adult and pediatric classifiers has also largely
eliminated the minimum threshold of 20% bone marrow involvement previously required for a
diagnosis of AML versus MDS. The WHO and ICC references also provide increased clarity
regarding therapy-associated/secondary MDS/AML, germline predisposition/bone marrow

failure syndromes, and other special subtype definitions.

Recommendations for risk stratification

Prediction of AML relapse risk is initially determined via data from comprehensive
genetic and immunophenotypic characterization. Although risk factor determination and
therapeutic selection amongst international cooperative groups to date remains somewhat
heterogeneous, these algorithms are all based upon a combination of prognostic somatic
leukemia-associated genetics and early responses to induction chemotherapy, as measured by

flow cytometry and/or morphology. Early treatment response (or lack thereof) is highly predictive
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of disease recurrence, although timing of assessment (ie, after induction cycle 1 or 2) and
modalities of MRD detection may vary slightly amongst cooperative groups.

This risk classification aims to guide physicians in determining the need for post-
remission consolidation with HSCT and/or targeted therapies for pediatric AML subtypes for
which there is clear international consensus, while also identifying areas of discrepancy for
which continued data compilation and harmonization is necessary. Risk-stratifying features used
in current clinical trial protocols with international consensus are listed in Table 4. Most study
groups use these genetic alterations as absolute indication for high-risk classification, while
some groups also consider response in treatment decision making that that may outweigh
genetic factors (ie, end-induction MRD negativity). Recently-identified high-risk pediatric AML
genetic subtypes listed in Table 5 have also been discussed amongst international cooperative
groups and are likely to be added to pediatric AML risk stratification algorithms in future

treatment protocols.

Response Assessment in Pediatric AML
Historic ‘gold standard’ approaches via morphologic analysis

Assessment of treatment response in pediatric patients with AML most commonly occurs
via bone marrow examination after complete blood count (CBC) recovery from induction
chemotherapy. Timing of response assessment varies by protocol and study group, but
generally occurs between days 21 and 42 following initiation of each induction chemotherapy
cycle.”r Many protocols require adherence to guidelines of the adult International Working
Group (IWG), first issued in 1990 and updated in 2003,”*”® and the adult ELN, first issued in
2010 and updated in 2017 and 2022.>"*"> These AML response criteria are based solely upon
morphologic bone marrow evaluation with hematopoietic recovery to absolute neutrophil count
(ANC) 21000 cells/uL and platelets 2100,000/uL required for achievement of complete response

(CR).” Any response other than morphologic CR meeting these CBC criteria is considered
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treatment failure. IWG/ELN criteria remain the standard for response determination following
frontline therapies in patients with newly-diagnosed AML and have also been required by some
health regulatory agencies for efficacy assessment in adults and children/adolescents with
relapsed/refractory AML treated on early-phase clinical trials.

The evidence to support IWG/ELN response standards is largely based on retrospective
analyses of adult AML studies (often in the context of prior MDS) demonstrating that CR using
these criteria was independently associated with longer relapse-free survival (RFS).”®"" These
reports reflect an adult practice of waiting for robust hematologic recovery, as determined by
morphologic evaluation to designated IWG/ELN parameters, prior to initiating subsequent cycles
of chemotherapy.?

However, the current standard in pediatric patients with newly-diagnosed AML is to
prioritize intensive timing of serial chemotherapy cycles instead of awaiting robust IWG/ELN
CR-defined hematologic recovery parameters. Retrospective analyses of pediatric patients with
newly diagnosed AML treated on COG clinical trials show that a minority of patients await end-
induction cycle 1 CR by IWG/ELN criteria prior to start of induction cycle 2 therapy, but achieve
expected clinical outcomes.”® Recently published real-world data from manual chart abstraction
compared IWG/ELN CR with CR defined as ANC =500 cells/uL and platelets =50,000/uL in
pediatric patients with AML. The analysis confirms that post-induction hematologic recovery to
the IWG/ELN CR parameters is not common practice in pediatric AML, yet there are no
significant differences in disease-free survival (DFS) or overall survival (OS) in patients who
achieve CR by either the pediatric ‘500/50’ threshold versus the IWG/ELN ‘1000/100’ standard
and proceed to subsequent therapy cycles.”® Importantly, pediatric AML clinical trials using the
500/50 (or even 300/30) CBC recovery thresholds during the past two decades that allow
patients to advance more rapidly through chemotherapy have also demonstrated safety without

increased infectious or other toxicity.”®2%*
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Strict adherence to adult IWG/ELN response guidelines, which dictate that any non-CR
response is a treatment failure, has limited successful development of new therapies for
patients with (usually heavily pre-treated) relapsed/refractory AML and advancement of
promising drugs to earlier lines of treatment. Such strict criteria create a particular barrier for
drug approval in children and adolescents. Given lower CBC recovery thresholds established
and routinely used by pediatric oncology cooperative groups, many physicians will not wait for
recovery to IWG/ELN guideline parameters in children with relapsed/refractory AML before
proceeding to next therapy cycle(s) and potentially curative HSCT. In this setting, potentially
efficacious therapy would be categorized as treatment failure by IWG/ELN criteria. As such, this
pediatric AML consensus panel strongly advocates for implementation of alternative ‘500/50°
threshold response criteria for children and adolescents (Table 6). In addition to retrospective
real-world data, prospective efforts to collect harmonized response data from international
clinical trials and registries are underway to support these recommendations for revised

pediatric AML-specific response criteria.®?

Modern fine-tuned’ approaches via multi-parameter flow cytometry analysis

IWG/ELN guidelines require that response assessment be determined by morphologic
evaluation. However, analyses of pediatric AML clinical trial data have shown that morphologic
enumeration of leukemia blasts is frequently inaccurate given inability to distinguish them from
normal regenerating bone marrow cells.?3# Post-therapy response assessment should instead
be performed via highly-sensitive MFC analyses, which enable reliable AML MRD detection to a
threshold of 0.1% (or 0.05% in some assays).®*® Given the high association between MRD
responses and clinical outcomes, MRD-negative CR has increasingly been used as a preferred
response assessment metric in pediatric AML trials given an overarching goal of consolidative
HSCT for high-risk patients to optimize long-term survival. Several cooperative groups have

demonstrated the strongly negative prognostic impact of MRD positivity upon event-free-survival
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(EFS) of pediatric patients with AML,383887°! |a5ding to intercalation of validated MFC MRD
analyses into clinical trial risk stratification.’>*® This international expert panel thus strongly
recommends that pediatric AML response assessment be performed using MFC as the most
sensitive ‘gold standard’ with morphology as a complementary modality.

Both LAIP and DfN MFC methodologies correlate well with clinical outcome measures
when comparing MRD-positive versus MRD-negative groups.?+85878890.9495 Tha | A|P approach
focuses upon the unique immunophenotype of the patient’'s AML blasts at diagnosis, definable
in approximately 80% of cases. The DfN approach does not require knowledge of the diagnostic
immunophenotype, but focuses instead upon recognition of immunophenotypic patterns of
malignant blasts versus normal/non-malignant regenerating cells in the bone marrow (or
technical artifacts).?*®* In practice, an integrated LAIP-based DfN approach is optimal rather
than LAIP-only or DfN-only, both of which require extensive knowledge of normal antigen
expression patterns in baseline and regenerating bone marrow.**®” The denominator for
pediatric AML MRD calculations using CD45+ cells or total viable nucleated cells has varied
amongst studies and MFC sensitivity thresholds, but has overall yielded similar results.?

To minimize the risk of hemodilution, MRD analysis should be performed on the first
bone marrow aspiration specimen obtained. Antibody panels should include markers for
identification of immature myeloid cell populations, normal patterns of maturation, and cells with
immunophenotypic deviation from normal antigen patterns, including expression of lymphoid
antigens potentially associated with mixed phenotype acute leukemia (MPAL; Table 1).
Additional ancillary testing, such as FISH and/or molecular genetic analyses (discussed below
in ‘Molecular MRD monitoring’), can be used in equivocal immunophenotype situations for more
accurate assessment. One major difference amongst the different response assessment
modalities is that both morphology and MFC MRD assays provide estimates of immature cells,
whereas molecular methods detect cells derived from the AML clone independently of cell

maturity stage. These distinctions likely explain in part why MRD results can differ between
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techniques employed, particularly in CD34-negative AML cases and those presenting with

maturation characteristics at diagnosis or after receipt of differentiation-inducing therapies.?®°

Molecular MRD monitoring

PCR- or NGS-based MRD monitoring of peripheral blood and/or bone marrow for early
response assessment has been of limited utility to date in pediatric AML,%*® although intensive
interest exists in their cross-validation with gold standard MFC assays and correlation with
clinical trial outcomes data. The most-studied molecular MRD technique is RT-gPCR
measurement of known genetic fusion transcripts (eg, NUP98::NSD1 rearrangement), which
enables very sensitive detection (0.01-0.001% of baseline diagnostic level) of AML-associated
fusions when expressed at high levels. DNA-based gPCR mutational monitoring of known
somatic variants (eg, NPM1 mutation) is also frequently performed in adult AML studies.

Studies of molecular MRD monitoring in pediatric AML have reported conflicting results
to date,®19192 |imiting its use in risk stratification and therapy allocation at this time. For
instance, canonical fusion transcripts in core-binding factor AML can remain detectable by RT-
gPCR in the setting of MFC MRD negativity and persistent CR of patients.?®%% Conversely,
re-detection of specific AML-associated gene fusion transcripts after frontline therapy and
persistent or rising positivity above established thresholds prior to HSCT are clearly predictive of
relapse.?>191% Relapse kinetics may differ depending upon specific AML genetic subtype, and
sequential RT-gPCR MRD monitoring may be performed to facilitate earlier therapeutic
intervention if indicated.’® Such testing may be particularly straightforward in patients with
RUNX1::RUNX1T1 and CBFB::MYH11 AML subtypes for which standardized clinical assays
are available.®®” Some laboratories have also developed RT-gPCR assays for other
prognostic pediatric leukemia-associated genetic alterations, including BCR:ABL1,
CBFA2T3::GLIS2, DEK::NUP214, KMT2A and NUP98 rearrangements, NPM1 mutations, and

FLT3-ITD.
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Monitoring of many canonical pediatric AML fusions and mutations via NGS assays is
also now possible. New molecular MRD techniques under study include qPCR of genomic
breakpoints, RT-qPCR of aberrantly-expressed genes in the absence of translocation, digital
droplet PCR, and targeted deep sequencing of leukemia-specific mutations.*%41%8112 At this
time, our consensus panel recommends that molecular MRD monitoring in pediatric AML be
performed in the context of clinical trials with comparison to ‘gold standard’ MFC MRD data,

similar to pediatric ALL studies that have recently demonstrated greater prognostic value of

NGS MRD testing compared to MFC. '3

Treatment failure, including relapse

Classically, treatment failure in pediatric AML has been defined by post-treatment
morphological evaluation of residual or reappearing blasts at a threshold of 25% (Table 6).
Some study groups more recently diagnose bone marrow relapse at thresholds <5% by
applying newer MFC and/or molecular techniques (eg, 21% blasts confirmed by at least two
tests).*>!® Sufficient consensus, particularly regarding the definitions of MRD/molecular

relapse and MRD/molecular persistence, has yet to be established at this time.

Therapy for Pediatric AML
Treatment of newly-diagnosed AML in pediatric patients

Successful delivery of curative multi-agent therapy for children and AYAs with newly-
diagnosed AML is complex and requires comprehensive childhood cancer center facilities,
including experienced healthcare professionals and robust supportive care capabilities. Risk-
adapted treatment is based upon underlying leukemia-associated genetic alterations and
response to induction therapy.**"*?* Although risk stratification differs slightly amongst pediatric
oncology consortia, approximately 25-50% of children are currently classified as high-risk due to

identified cytomolecular characteristics (Table 2) and/or end-induction 1 and/or end-induction 2
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MRD positivity and are allocated to allogeneic HSCT in CR1 after receipt of two or three
chemotherapy cycles.

Definitive multi-agent chemotherapy should be promptly implemented upon a new
diagnosis of AML. Temporizing approaches with hydroxyurea or low-dose cytarabine may be,
but are not commonly, used in pediatric patients.'?* Leukapheresis is rarely performed and is
usually reserved only for patients with extreme hyperleukocytosis and/or significant neurologic
symptoms.’? Dose modification of some chemotherapy drugs per institutional or consortium
standards for patients with severe end-organ dysfunction is also infrequently required.

Children with non-high-risk AML should receive four or five cycles of multi-agent
cytarabine- and anthracycline-based chemotherapy based upon their leukemia genetics and
end-induction MRD responses. Data from recently completed clinical trials across cooperative
groups have largely demonstrated similar outcomes across studies regardless of the utilized
approach (Table 7). Induction therapy is comprised of one or two cycles of lower/standard-
dosed cytarabine (typically 100 mg/m? dosing twice daily) for 7-10 days in combination with an
anthracycline (eg, daunorubicin, idarubicin) or anthracenedione (eg, mitoxantrone) and may
also include etoposide, although data regarding potential benefit of a third drug remain

heterogeneous across trials.'*>!1012#125 The

liposomal daunorubicin/cytarabine CPX-351
formulation was recently studied as induction therapy in children with newly-diagnosed AML via
the COG AAML1831 phase 3 trial based upon success at first relapse in the single-arm COG
AAML1421 study.'”® However, interim analysis of AAML1831 demonstrated inferiority of CPX-
351 with GO compared to the gold standard daunorubicin and cytarabine (DA) regimen with
GO, leading to early termination of the primary AAML1831 trial randomization.**®> Despite earlier
superiority of liposomal daunorubicin in combination with fludarabine/cytarabine with

granulocyte colony stimulating factor (g-csf) support (FLAG) compared to FLAG in children with

relapsed AML demonstrated by the BFM study group,**’ liposomal daunorubicin-based therapy
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was inferior to mitoxantrone-based therapy in patients with newly-diagnosed AML treated on the
recently-completed NOPHO-AML 12 study.'*

Based upon pivotal COG AAMLO0531 and other international clinical trial data that led to
FDA approval of gemtuzumab ozogamicin (GO) for children and adolescents with de novo
and/or relapsed AML, it is strongly recommended to add GO (3 mg/m? for 1-3 doses depending
upon utilized protocol) to induction cycle 1 for patients with CD33+ AML if accessible in the
patient’s country.'”® However, GO is not authorized at this time for use in Europe, Japan,
Australia, or New Zealand in patients with newly-diagnosed AML <15 years of age. The
international MyeChild 01 clinical trial recently independently validated the benefit of GO
addition to chemotherapy for pediatric patients with newly-diagnosed AML.'?4% This
randomized phase 3 study further reported superiority of three GO doses versus one dose in
induction course 1 with particular benefit also demonstrated in patients with KMT2A-rearranged
AML.30’128

Induction cycle 2 generally consists of cytarabine and daunorubicin +/- etoposide without
GO. Alternative induction 2 regimens with high-dose cytarabine (1,000 mg/m? once or twice
daily for 4-5 days) and mitoxantrone, idarubicin, fludarabine, or clofarabine have also been

130132 pgst-induction consolidation or

explored in specific patient cohorts or studies.
intensification chemotherapy is comprised of high-dose cytarabine (1 to 3 g/m? once or twice
daily for 2-5 days) in combination with fludarabine, etoposide, mitoxantrone, or
asparaginase.'>!3* A commercially-available/approved FLT3 inhibitor or investigational inhibitor
via a clinical trial should be added to chemotherapy for pediatric patients with FLT3-ITD AML
following cooperative group or institutional standards.*>*>*8

Despite remarkable efficacy and agency approval for adults with newly-diagnosed AML
and encouraging data in pediatric patients with relapsed/refractory AML,%"*** BCL-2 inhibitors

(eg, venetoclax), usually administered in combination with hypomethylating agents or with

intensive multi-agent chemotherapy drugs, are not approved for pediatric use. The SJCRH
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AML23 single-arm phase 2 clinical trial is currently studying non-random venetoclax addition to
standard of care multi-agent chemotherapy for children with newly-diagnosed AML
(NCT05955261).

CNS-directed therapy with intrathecal cytarabine (or methotrexate) or triple cytarabine,
hydrocortisone, and methotrexate (ITT) is a critical component of pediatric AML treatment. As
aforementioned, diagnostic LP with administration of intrathecal chemotherapy is frequently
delayed until one week into induction therapy to minimize risk of traumatic LP and potentially
increased CNS relapse risk. Classification of CSF cell counts and cytospin as CNS1, CNS2, or
CNS3 should be performed, although the presence of CNS involvement in children with AML
has not been clearly prognostic.”*>** Further prophylactic intrathecal therapy for patients with
CNSL1 status should subsequently be given once per cycle, potentially with omission during
high-dose cytarabine-based cycles. Patients with overt CNS disease (initial CNS3 status)
should receive weekly ITT or hemi-weekly intrathecal monotherapy in first induction until CSF
clearance per cooperative group standards. The approach to CNS2 status differs amongst
protocols with some consortia treating as CNS3, while others treat with CNS1 standards unless
blasts persist in the CSF. Cranial radiation therapy is not routinely utilized with the exception of

addressing urgent life-threatening mass effects of CNS chloromatous disease.*®’

Utilization of allogeneic HSCT

Children with high-risk AML (based upon genetics and/or end-induction MRD positivity)
should be allocated after consolidation/intensification and/or induction ideally in MRD-negative
complete first remission (CR1) to best-available related or unrelated donor allogeneic HSCT
using bone marrow, peripheral blood, or umbilical cord blood sources, which has potential for
significant morbidity, treatment-related mortality, and/or late effects in survivors.'®**® Fertility
preservation (ie, sperm banking for peri-/post-pubertal males, ovarian tissue biopsy and

cryopreservation for females) prior to HSCT should be offered to all patients as developmentally
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and psychosocially appropriate given high risk of post-transplant infertility.****** Haploidentical
stem cell donors have been increasingly used with high success,*****?*3 thereby making lack of
a suitable donor a rare occurrence. Various myeloablative conditioning regimens may be used
depending upon cooperative group standards, clinical trial availability, or institutional practice,
and randomized trials comparing AML transplant conditioning regimens are under active
conduction (EudraCT number 2021-003282-36).***’ Total body irradiation as part of transplant
conditioning has not demonstrated benefit and is rarely used/not recommended for pediatric
patients with AML.**® MRD status prior to HSCT has historically been an independent prognostic
factor for long-term survival, although some patients with high-risk AML and positive pre-
transplant MRD can nevertheless be cured.?149°

Post-HSCT maintenance strategies have been beneficial for adults and some children
with specific high-risk AML subtypes (eg, FLT3 inhibitors for FLT3-ITD AML""***) and may be
considered for others (eg, menin inhibitors for KMT2A-rearranged or NUP98-rearranged AML,
hypomethylating agents +/- venetoclax, donor lymphocyte infusion). Evidence for these latter
strategies in pediatric patients remains limited at this time, the optimal duration of therapy is not

known, and some drugs may only be available via clinical trials.*>*°

Investigation of
experimental biologically-relevant targeted inhibitors or immunotherapies via early-phase clinical
trials if available should be considered for patients with extremely poor-risk chemorefractory

AML for whom HSCT in CR1 approaches do not improve outcomes (eg, CBFA2T3::GLIS2

AMKL).

Off-therapy monitoring/late effects

Children with AML, APL, and ML-DS should be monitored serially following therapy
completion for timely detection of treatment-associated toxicity and for relapse per clinical trial
requirements and/or cooperative group standards.****" Multi-disciplinary survivorship clinics

provide comprehensive care for patients treated for childhood cancers, but limited resources
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may preclude global access to this specialized care. Pediatric and adult hematologists-
oncologists and primary care providers should thus have access to comprehensive survivorship
guidelines to monitor effectively for late effects and provide treatment when indicated. Such
assessments include history and physical exam, CBC and other blood tests for end-organ
function assessment (including endocrine function especially after HSCT), electrocardiogram
and/or echocardiogram, and coordination with other pediatric or adult subspecialists depending
upon specific therapy-associated side effects. Some cooperative groups also perform routine
MRD monitoring of pediatric AML survivors as standard of care or in the context of clinical

research.®®

Treatment of relapsed AML in pediatric patients

No current standard of chemotherapy care exists for children and AYAs with first relapse
of AML, and approaches are even more heterogeneous at second or greater relapse.?*
However, a universal goal for all pediatric patients with first relapse of AML is allogeneic HSCT
in (preferably MRD-negative) CR2 to optimize long-term survival potential. Successful retrieval
of patients with salvage therapies is influenced by timing of relapse, receipt of prior HSCT, AML-
associated genetic alterations at diagnosis, site(s) of relapse (medullary, isolated CNS [eg, CSF
positivity, CNS chloroma] or other extramedullary [eg, leukemia cutis, other chloromatous
involvement]) and ability to achieve CR2 (or CR3). Reinduction regimen selection is usually
influenced by prior cumulative anthracycline exposure and cardiotoxicity risk.

Prior pediatric relapsed AML clinical trials have studied the efficacy of clofarabine-,
bortezomib-, or daunorubicin-based salvage chemotherapy regimens in children with relapsed

AML with varying success.'?’**%!% CR2 rates of 70-80% were achieved in children with

relapsed AML treated with CPX-351 via the COG AAML1421 trial or with FLA(G) without or with
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idarubicin.**1%1% How best to use CPX-351 in pediatric patients with AML at this time remains
unclear in light of the favorable AAML1421 first relapse data and United States Food and Drug
Administration (FDA) approval for adults with newly-diagnosed therapy-related AML and AML
with myelodysplasia, but also the failure of AAML1831 to demonstrate therapeutic benefit of
CPX-351 as frontline induction therapy.'* Other studies of CPX-351-based therapy for children
with relapsed/refractory AML or myeloid neoplasms post-cytotoxic therapy (MN-pCTs) are being
conducted (NCT03826992, NCT05656248).

The recent VENAML phase 1/2 clinical trial for children with relapsed/refractory AML
reported excellent remission induction with venetoclax in combination with high-dose cytarabine
+/- idarubicin.®" The international APAL2020D randomized phase 3 clinical trial is currently
investigating the potential therapeutic benefit of venetoclax addition to FLA/GO in children with
relapsed AML (NCT05183035),'°> and other venetoclax-based studies with multi-agent
chemotherapy are also being conducted. Hypomethylating agents (eg, azacytidine, decitabine)
with HDAC inhibitors (eg, panobinostat, vorinostat) have also been promising in the relapse
setting.’®*'®* Use of hypomethylating agents in combination with checkpoint inhibitors (eg,
nivolumab) has been less successful in children and adolescents with relapsed/refractory
AML.* Early-phase clinical trials of targeted inhibitors (eg, BCL2, FLT3, IDH1, IDH2, menin
inhibitors), antibody-based or cellular immunotherapies directed against myeloid cell surface
antigens (eg, CD7, CD33, CD38, CD123, CLL-1/CLEC12A/CD371, FOLR1, mesothelin), or
other cellular therapies (eg, HA-1 TCR T cells, NK cells) should be considered for all pediatric
patients with multiply-relapsed AML and are comprehensively described in recent
reviews.?#1% Of note, the menin inhibitor revumenib was recently FDA-approved for children
>1 year of age with relapsed/refractory KMT2A-rearranged acute leukaemias based upon
phase 1/2 clinical trial data.*®”*®®
Conduction of definitive clinical trials for children with relapsed/refractory AML has been

challenging due to small patient numbers and the biologic and genetic heterogeneity of pediatric
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AML. International collaborative efforts and data sharing are thus critical for efficient evaluation

of promising new targeted inhibitors or immunotherapies.*®**"°

Special Conditions in Pediatric Patients with AML
Acute promyelocytic leukemia: genetic and clinical characteristics, risk stratification, therapy
recommendations, and molecular monitoring strategies

APL is a distinct AML subtype, accounting for 5-10% of pediatric cases, and is nearly
always driven by PML::RARA fusions.**"*"* FLT3-ITD co-mutations occur commonly, but are not
clearly prognostic in pediatric APL as in other AML subtypes. In rare cases, RARA is fused to
other partner genes (eg, ZBTB16, STAT5B, others). These APL variants have been associated
with higher CD56 cell surface expression, decreased in vivo sensitivity to retinoids, and higher
patient mortality due to resistant/relapsed disease than in classical PML::RARA cases.'"

Higher white blood cell (WBC) count at diagnosis in children and adults with APL is

associated with inferior clinical outcomes,'”

and modified Sanz criteria are used to stratify
patients as standard-risk (WBC <10, 000/uL) or high-risk (WBC =10,000/uL).*"* With modern all-
trans retinoic acid (ATRA)/arsenic trioxide (ATO)-based therapy preventing relapse events,
early death due to intracranial hemorrhage in the setting of canonical coagulopathy remains the
leading cause of APL-associated mortality, although is now relatively uncommon. In children,
higher WBC at diagnosis and obesity have also been associated with increased risk of early
death.*™

Rapid recognition and diagnosis of APL (eg, via FISH detection of the canonical
PML::RARA fusion) is essential for prompt therapy initiation and appropriate supportive
care.'”>"® ATRA therapy should be initiated immediately upon any clinical suspicion of APL and
can be subsequently discontinued if an alternative diagnosis is made. Many patients present at

time of APL diagnosis with severe and sometimes fatal coagulopathy. Anticipatory management

with proactive partial thromboplastin time, prothrombin time, fibrinogen, and d-dimer laboratory
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monitoring and aggressive platelet and fresh frozen plasma transfusion (and other coagulation
factor supplementation if clinically indicated, such as cryoprecipitate or recombinant factor VII) is
critical and may be life-saving.*"*

Successful use of ATRA and ATO-based therapy in clinical trials has led to outstanding
cure rates and elimination of cytotoxic chemotherapy for most patients and is now standard of
care.’’"*"® Anthracycline chemotherapy and/or the CD33 antibody-drug conjugate gemtuzumab
ozogamicin (GO) have been added to ATRA/ATO-based induction regimens for pediatric
patients with high-risk APL, although the optimal regimen for this subgroup remains to be
defined. Oral ATO formulations are also under clinical evaluation in pediatric patients with
APL ®°

CNS and other extramedullary involvement in children with newly-diagnosed APL is rare,
and CNS relapse is extremely uncommon. Approaches to CNS-directed therapy remain
heterogeneous amongst pediatric oncology consortia, although ATO notably has documented
CNS penetration with CSF levels at approximately 50% of those achieved in peripheral blood
serum.'® Given the risks associated with LP in patients with severe coagulopathy common in
APL, several groups recommend performing diagnostic LP only in children with clinical
neurologic symptoms or other risk factors for CNS relapse, such as intracranial hemorrhage,
and only when deemed clinically safe.'®* Intrathecal chemotherapy should be administered to
those with documented CNS involvement. Some groups also advise intrathecal therapy for all
children with high-risk APL or history of CNS hemorrhage, but to delay administration until the
consolidation phase.

APL therapy is associated with distinct toxicities in a subset of patients. Differentiation
syndrome, characterized by dyspnea, fever, weight gain, hypotension, acute renal failure,
pulmonary infiltrates, and/or pleural or pericardial effusion, typically occurs within a few days of
starting ATRA/ATO therapy. Corticosteroids (eg, dexamethasone) should be promptly initiated

at earliest clinical suspicion, and temporary discontinuation of ATRA/ATO therapy should be
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considered only for patients with moderate-to-severe differentiation syndrome. Pseudotumor
cerebri, an ATRA-induced intracranial hypertension resulting in headache, pulsatile tinnitus,
transient visual obscurations, ophthalmoplegia, and/or occasionally visual loss, is more common
in children than adults. Patients with APL-associated pseudotumor cerebri may require
temporary discontinuation or dose reduction of ATRA. Acetazolamide and pain medication can
be used for symptom alleviation.*"®

Assessment of molecular remission in pediatric patients with APL should be performed
via reverse-transcriptase quantitative polymerase chain reaction (RT-gPCR) analysis of the
PML::RARA (or known other) fusion transcript in bone marrow and/or peripheral blood at the
end of consolidation therapy, although continued transcript detection during initial differentiation
therapy is to be expected and is not prognostic. Historically, bone marrow monitoring was used
to detect early molecular relapse that was associated with better salvage therapy success than
for overt relapse.*”* This practice is now debated given the extremely low relapse risk of patients
in the era of modern ATRA/ATO therapy and supportive care. Instead, regular quantitative
monitoring of PML::RARA fusion transcripts in peripheral blood (eg, every 1-3 months in year 1,
every 3-6 months in year 2, then stop) is recommended during active therapy to detect potential
disease recurrence prior to overt clinical relapse, as well as routine off-therapy follow-up care

and laboratory monitoring.

Pediatric AML in the context of genetic predisposition: clinical suspicion, germline and somatic
testing, and therapeutic considerations
MDS/AML germline predisposition conditions are specifically included in the ICC and

WHO classification with slight differences in the nomenclature,**?

and are increasingly
recognized in children.’®*'% Prompt identification of MDS/AML genetic predispositions is
critically important, as they have significant implications for diagnosis and management of these

patients, including potential use of HLA-identical siblings for allogeneic HSCT who may also be
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affected.'® Germline variants may confer different probabilities of MDS/AML development
across the pediatric-to-adult age spectrum,*®” and age may accordingly serve as a surrogate for
disease biology.'® Co-occurring MDS/AML-associated somatic mutations also cluster differently
amongst different age groups. Recurrent mutations in ASXL1, NRAS, RUNX1, PTPN11, and/or
SETPB1 are most common in pediatric patients and of unclear prognostic significance at this
time, while mutations in DNMT3A, TET2, TP53, and spliceosome complex genes are notably
rare or absent.*®®

Myeloid neoplasms with germline predisposition can occur in asymptomatic patients, in
the context of a pre-existing hematological disorder, or with multi-system organ alterations
(Table 8). Germline CEBPA or RUNX1 mutations are usually associated with familial MDS/AML
occurring in asymptomatic patients or those with known platelet disorders.**®*** AML can also
arise from bone marrow failure, such as in the context of Shwachman-Diamond syndrome or

192193 while others arise from

ERCCS6L (excision repair cross-complementing 6 like 2) disease,
MDS, such as GATA2- or SAMD9/SAMDOIL-driven subtypes.***1%°

Given the distinct natural history and progression potential of myeloid neoplasms with
germline predisposition to AML, pediatric hematologists-oncologists should be aware of these
rare conditions and pursue necessary genetic testing when indicated, including when mutations
of known cancer predisposition genes are detected at high variant allele frequencies via
somatic-only leukemia testing. Germline variant status with allele frequency should be assessed
in DNA derived from a tissue source unlikely to undergo somatic mutation (eg, cultured skin
fibroblasts, hair follicle, or buccal swab [if no active leukemia in peripheral blood] tissues).
Clinicians should also guide germline testing decision-making based upon general family or
personal history characteristics listed in Table 9, although many centers are increasingly
performing germline testing in all patients diagnosed with MDS or AML as standard of care.

Evaluation for germline predisposition syndromes should also be considered based upon

specific clinical clues. For example, SAMD9 variants are associated with adrenal insufficiency,
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genitourinary abnormalities, and enteropathy, SAMD9L with ataxia, and GATA2 with
immunodeficiency and associated monocytopenia, B and NK cell lymphopenia, lymphedema,
congenital deafness, and warts.**>*%’

The therapeutic approach for pediatric patients with germline predisposition to MDS/AML
deserves specific considerations. Prompt allogeneic HSCT is usually the overarching treatment
goal, ideally in an MDS-level disease stage (<20% marrow involvement, but preferably <5% with
antecedent chemoreduction attempts as clinically indicated) given risk of AML transformation
and associated inferior treatment success.® It is critically important to evaluate potential HLA-
matched or haploidentical family donors for sentinel germline variants and confirm negative
results before proceeding to HSCT versus selecting alternative donors.*®® Presence of non-
hematologic comorbidities associated with specific germline predispositions may require
additional subspecialty management for optimal patient care and long-term success.

Treatment of AML in children and adolescents with Fanconi anemia (FA) is particularly
challenging due to their extreme medical frailty and chemosensitivity of healthy tissues with
enhanced risk of treatment-related morbidity and mortality. Of note, up to 30% of patients with
FA-associated AML do not have typical physical features and are only diagnosed with FA upon
development of AML with unique genetic characteristics (eg, unbalanced karyotypes resulting in
gain of 1q or 3q and/or monosomy 7).2®° Pre-emptive HSCT may be considered in children with
FA prior to detected bone marrow failure given their life-long high risk of AML, although this is
not common practice. Children with constitutional TP53 variants (Li-Fraumeni syndrome [LFS])
may also be identified for the first time upon leukemia diagnosis with canonical structural
abnormalities, copy-neutral loss of heterozygosity, and somatic TP53 mutation detection that
prompts germline analysis. Pediatric patients with LFS who survive AML carry a life-long risk of
secondary hematologic or solid malignancies.?®* Radiation therapy, although not commonly
used in pediatric AML, should be specifically avoided in children with FA or LFS when possible

due to a potential increased risk of secondary malignancy.?%?
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Myeloid neoplasms post-cytotoxic therapy

The WHO defines MN-pCTs (previously termed secondary or therapy-related/treatment-
associated MDS/AML) as those occurring after exposure to chemotherapy and/or radiation
therapy for treatment of a prior unrelated malignancy.*® The ICC has eliminated this general
category, focusing instead on the molecular basis of such neoplasms.*

While MN-pCTs are most commonly diagnosed in older adults with a median age of 60
years, they can occur across the pediatric-to-adult age spectrum. Survivors of childhood cancer
have an 80-fold increased risk of developing a subsequent myeloid malignancy compared to the
general population.”® The cumulative incidence of MN-pCTs is approximately 1% for children
with solid tumors or lymphoid malignancies treated with high-dose alkylating agents and
topoisomerase Il inhibitors (eg, epipodophyllotoxins and anthracyclines).?°>?°> While variants in
cancer predisposition-associated genes can contribute to MN-pCT development and may
prompt germline testing considerations, somatic mutations in Ras/MAPK pathway genes or
TP53 and KMT2A rearrangements are more frequently detected.?*® Increased baseline mutation
burden consistent with accelerated aging may also contribute to MN-pCT occurrence.?”’

Pediatric patients with MN-pCTs have long-term survival of <10% if not treated with
allogeneic HSCT. Adverse cytogenetics and suboptimal responses to standard therapies may
further adversely affect clinical prognosis. No standard treatment approach exists for children or
adults with MN-pCTs, although a variety of regimens have been reported, including typical
cytarabine and anthracycline-based regimens, hypomethylating agents (HMAs) and venetoclax,
and/or GO. CPX-351 received an FDA label extension for children with newly-diagnosed MN-
pCT or AML with myelodysplasia-related changes based in part upon data from the COG
AAML1421 phase 2 clinical trial.**® Regardless of the chemotherapeutic approach, allogeneic
HSCT remains the only curative treatment for patients with MN-pCTs and should be the

overarching treatment goal.?®®#° Additional studies are needed to elucidate potential
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malignancy-associated genetic alterations and prior therapeutic exposure factors that may
influence success of MN-pCT remission induction and/or contribute to differential clinical

outcomes.

Transient abnormal myelopoiesis and myeloid leukemia of Down syndrome: unique diagnostic
and therapeutic considerations for a special pediatric patient population

Children with constitutional trisomy 21 (Down syndrome [DS]) have a 150-fold higher risk
of developing myeloid leukemia (ML-DS) within the first four years of life.?** ML-DS is defined in
the current WHO classification as a distinct entity with myeloid proliferation universally
associated with somatic GATA1l mutation and morphology and immunophenotype usually
consistent with minimal (FAB MO), erythroid (M6), or megakaryoblastic (M7) differentiation.**2*2
ML-DS is preceded by transient abnormal myelopoiesis (TAM), a pre-leukemic disorder
occurring in neonates, and may be associated with hepatic fibrosis.?*>?* TAM is detected in at
least 10-30% of patients with DS and usually resolves spontaneously within the first 3 months of
life.?>2'® The diagnosis of TAM is restricted to newborns and young infants with DS <6 months
of age (or <90 days in studies by the COG or JPLSG).?*"**

CBC obtainment is recommended for all newborns with DS to screen for potential
TAM,?° although most infants are asymptomatic and/or may not present for medical
attention.”** There is no agreed-upon minimal peripheral blood blast percentage required for a
diagnosis of TAM. Thresholds of 5% or 10% have been empirically suggested, but detection of
GATA1 mutation with <5% blasts is also diagnostic.?®??* The characteristic imnmunophenotype
of TAM-associated blasts with variable expression of stem cell (CD34, CD117, CD7), myeloid
(CD33, CD13), lymphoid (CD7, CD56), and megakaryocytic (CD41, CD42b) antigens and
absence of CD11a is indistinguishable from ML-DS.'>?* Intracellular flow cytometric analysis
can rapidly detect the mutant GATA1 short isoform (GATALs),'® but confirmatory GATAL

mutation detection should not delay clinical decision-making.
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Chemotherapy treatment is rarely necessary for infants with TAM. Low-dose cytarabine
(eg, 1.5 mg/kg/day for 5-7 days) should be considered to prevent early mortality in the small
subset of patients with life-threatening symptoms or severe end-organ dysfunction due to TAM
infiltration/hyperleukocytosis.?**?** Proactive/empiric chemotherapy use in children with TAM
does not prevent subsequent development of ML-DS and is thus not recommended.?*

Children with DS and history of neonatal TAM remain at ~30% risk of subsequent
development of ML-DS during their first four years of life. These patients should be monitored
routinely in the outpatient pediatric hematology clinic with history, physical examination, and
blood tests. It is recommended that CBC with differential and blood smear be performed
monthly until 3 months of age to assess for TAM resolution (or more frequently if indicated in the
setting of severe cytopenias and potential blood product transfusion needs) and then at 6, 12,
18, 24, 36, and 48 months of age to monitor for potential ML-DS development.?¢#2*

A diagnosis of ML-DS requires detection of non-lymphoid blasts with a similar TAM-type
immunophenotype in the bone marrow of a child with DS (or trisomy 21 mosaicism) at <4 years
of age. This young age criterion encompasses nearly all children with ML-DS and correlates
highly with the presence of somatic GATA1l mutations.”” Detection of GATA1 mutation is
required for a diagnosis of ML-DS in rare patients diagnosed at >4 years of age. If this sentinel
mutation is not detected in such ‘older’ children, they are not considered to have an ML-DS
diagnosis and should instead be treated with standard (non-DS) AML frontline therapy despite
potential enhanced toxicity risk.?*® ML-DS may be diagnosed with <20% bone marrow blasts,
and demonstration of dysplastic changes is no longer required.”> Acquisition of secondary
mutations most commonly in cohesin complex, epigenetic modifiers, myeloid cytokine receptors,
and RAS pathway genes is associated with subsequent development of ML-DS in children with
DS and TAM, and some of these alterations confer a particularly poor prognosis (eg, CDKN2A

deletions, TP53 mutations).??’?*® The prognostic impact of potential aberrant leukemia
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cytogenetics in ML-DS, such as monosomy 7, trisomy 8, and complex karyotype, remains
uncertain at this time,*"?!8:22°

Clinical outcomes of children with ML-DS treated on international clinical trials have
improved in the past two decades and are generally excellent given the known chemosensitivity
of ML-DS blasts, particularly to cytarabine-based regimens. Therapy de-intensification has been
possible in many studies to reduce treatment-related morbidity and mortality of this medically-
fragile patient population.?*?32%* Contemporary ML-DS protocols achieve 5-year EFS of 83-
90% and OS of 88-93% and are considered standard of care.?*"?!%?% These regimens are
comprised of four to six low- or high-dose cytarabine-based chemotherapy cycles (~30 g/m2
cumulative dose) and have successfully reduced the cumulative doses of anthracyclines,
etoposide, and intrathecal chemotherapy.?*"#?®

Further therapy reduction in children with ML-DS is controversial at this time and should
be approached with caution. The COG AAML1531 clinical trial recently demonstrated that
omission of high-dose cytarabine in induction 2 for patients with end-induction 1 flow cytometric
MRD negativity led to unacceptably high rates of relapse, the majority of whom were unable to
be salvaged.”®® An interim analysis of the ML-DS 2018 phase 3 trial recently reported markedly
inferior EFS with reduced CPX-351 dosing-based reinduction compared to conventional
chemotherapy on the prior ML-DS 2006 trial, leading to study amendment to increase CPX-351
dosing, although OS importantly was not different between the two trials (J-H Klusmann,
manuscript under review). In contrast, the JPLSG AML-D11 trial reported excellent outcomes of
children with ML-DS treated with lower cytarabine dosing (~3.5 g/m2 cumulative dose) and
without intrathecal chemotherapy prophylaxis.”®® Ongoing cooperative group ML-DS trial
protocols are focused upon development of successful risk-stratified treatment regimens that
optimally balance minimization of treatment-related toxicity and prevention of ML-DS relapse,

which continues to portend a dismal prognosis with OS <20%. Although no standard salvage

therapy approaches have been identified,?® children with later relapse of ML-DS (>12 months
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from initial diagnosis) and/or those who achieve CR2 and undergo subsequent HSCT have
better long-term survival.?*’

Bone marrow response assessment by flow cytometric MRD in children with ML-DS can
be challenging. These assays must be able to identify non-malignant DS-specific CD34+ CD56+
myeloid precursor cells, which are not found in normal non-DS bone marrow and should not be
mistaken for residual leukemia.?**?*° GATA1 mutation-specific molecular MRD assays currently
performed at a research level are under clinical development and may add additional precision

and specificity to ML-DS response assessment in current and future studies.?*®

Clinical Trials for Pediatric AML

Fifty years ago, institutions across the world began to collaborate in national or international
pediatric oncology cooperative study groups. It is strongly recommended to enroll pediatric
patients with newly-diagnosed AML in randomized phase 3 clinical trials whenever a suitable
opportunity is available. Pediatric-specific trials should be conducted independently from adult
trials for multiple reasons, including the markedly different biologic and genetic characteristics of
childhood AML versus adult MDS/AML, differential tolerability of anti-leukemia chemotherapies
in children versus adults, need for age-based dosing and pediatric formulations of oral drugs,
and higher priority in children and adolescents for reduction of long-term therapy-associated
seqguelae to optimize long-term cure.

However, with improved characterization of childhood AML drivers, evolving risk
stratification, relative rarity of specific genetic subtypes, and availability of targeted therapies, it
is increasingly challenging to study specific biologic subtypes definitively. An urgent need thus
exists to develop inter-group trials for efficient testing of most promising therapies in relevant
cohorts of pediatric patients. To that end, harmonization across different collaborative groups is
necessary for consensus regarding treatment efficacy endpoints, dose-limiting toxicity (DLT)

definitions and safety reporting, statistical analyses, and supportive care guidelines.*’
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Efficacy endpoints in pediatric AML clinical trials

EFS and OS have traditionally been used as efficacy endpoints in phase 2 and phase 3
pediatric AML trials evaluating therapies with curative intent. The recent improvement in post-
relapse survival of children with AML due to an increased availability of salvage treatment
options, including HSCT, and improved supportive care make OS as a primary endpoint less
precise. EFS is thus most commonly used as a primary efficacy endpoint in later-phase
pediatric AML trials. However, EFS definitions may vary amongst consortia due to differing
thresholds for refractory disease, relapse, and inclusion or exclusion of patients with therapy-
associated AML in frontline trials. For phase 2 trials, response to study intervention is the most
common endpoint, which may be complicated in childhood AML given response determination
historically based upon adult ELN/IWG criteria and heterogeneity of response definitions
amongst pediatric consortia (Table 6). MFC-based MRD-negative CR is again considered the
most meaningful response metric in pediatric AML phase 2 trials and should be included in their

study designs.

Safety endpoints in pediatric AML clinical trials

Pharmacokinetics, pharmacodynamic profiles, DLT assessment, and identification of the
maximum tolerated dose (MTD) and recommended phase 2 dose (RP2D) of new therapies are
typical endpoints of phase 1 clinical trials. Early death, non-relapse mortality, infectious
complications, cardiotoxicity, and cytopenias and other hematologic toxicities are major clinically
relevant sequelae of traditional AML chemotherapy that also require careful
monitoring.2%4"?*242 Newer chemotherapy drugs, targeted inhibitors, and immunotherapies
may induce unique toxicities, such as differentiation syndrome, cardiac QT interval prolongation,
cytokine release syndrome, neurological toxicities, and/or infusion-related reactions, for which

treated patients also must be monitored carefully.
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Dose-limiting toxicities

DLTs of conventional cytotoxic drugs and new agents are typically assessed according
to the National Cancer Institute’s Common Terminology Criteria for Adverse Events (CTCAE)
classification, although challenges in adverse event reporting persist in pediatric AML trials.?** In
contrast to conventional chemotherapies, molecularly-targeted drugs often have broader
therapeutic windows, and optimal biological dosing is often below the MTD or the highest
evaluated dose. Targeted therapies may also induce prolonged moderate-grade toxicities that
patients’ quality of life (Supplemental Table 1).

Enteral absorption and/or metabolism may differ in children versus adults, and inclusion
of pharmacokinetic studies to ensure similar drug exposure is critically important in pediatric
safety studies of new agents. Pediatric patients generally have better clinical tolerance of

cytopenias, electrolyte abnormalities, and other adverse events. Application of adult DLT

definitions may lead to under-dosing of drugs in children and should be used with caution.

Patient-reported outcomes (PROS)
The importance of PROs is increasingly recognized and should be included as
secondary endpoints whenever possible in clinical trials, including when post-HSCT

maintenance therapies are used.?**

Statistical considerations in early-phase clinical trials for relapsed/refractory pediatric AML

The rarity and biologic heterogeneity of childhood AML poses significant challenges
when designing definitive clinical trials investigating new therapies, and pediatric access to hew
agents has historically been dependent upon demonstrated preliminary efficacy and/or safety

data in adults. Evaluation of the safety/tolerability and dose-finding of new molecularly-targeted
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inhibitors and immunotherapies in children and adolescents with relapsed/refractory AML has
primarily occurred via phase 1 studies using adaptive study methodologies, such as the rolling 6
design optimized from the classic 3+3 design, followed when feasible by phase 2 expansion
cohorts or separate trials.?*® In recent years, some adult studies have decreased the lower age
limit intra-study to allow enrollment of adolescents (and occasionally also younger children)
following establishment of necessary safety data.

Modern phase 1 study designs allow more patients to be treated at optimal dosing of
new agents and may facilitate efficient expansion to phase 2 in which signals of efficacy are
evaluated.?*>?*® This process of phase 1 and 2 together usually requires 20 to 50 patients.
Although the starting pediatric dose was historically often 80% of the adult MTD or RP2D, more
recent-era trials have successfully explored new drugs starting at 100% of the adult RP2D.
Given small patient numbers, it is generally not possible to conduct randomized phase 2 studies
of novel agents in children with relapsed/refractory AML, particularly in rare genetic or biologic
subtypes. Comparison of single-arm phase 2 data to robust historic control chemotherapy data
in a similar patient population is thus often necessary. Such control data have been challenging
to establish to date by cooperative groups, however, making definitive efficacy assessment of
phase 2 trials potentially difficult. In recent years, conditional approval of some targeted agents
has occurred based upon successful phase 1/2 study data instead of requiring definitive
randomized phase 3 trial data, a critical consideration particularly in ‘boutique’ high-risk pediatric
AML subtypes for which insufficient patient numbers are available for large-scale studies.

‘Basket trials’ are a recent precision medicine phenomenon based upon the concept that
small molecule inhibitors can target common mutations occurring in different tumor subtypes
and that novel agents can be efficiently evaluated across multiple disease-specific cohorts in a
single study. Similarly, ‘umbrella trials’ allow evaluation of numerous new therapies in patients
with a main tumor group divided into relevant biologic subgroups. Increasingly, these study

designs have been combined and jointly described in an overarching 'master protocol.’
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Supportive Care for Pediatric AML

Treatment-related mortality rates of 2-5% with modern multi-agent chemotherapy AML
regimens have been reported by several pediatric oncology consortia.?>**%?*’ Robust supportive
care during intensive chemotherapy and HSCT is thus essential for all pediatric patients with
AML. Infectious and cardiac complications account for most life-threatening toxicities, and
specific recommendations for these issues are described in detail below. With the potential
exception of venetoclax, most AML chemotherapy agents infrequently cause tumor lysis
syndrome (TLS). Standard TLS management approaches with intravenous fluid hyperhydration
and allopurinol or rasburicase are usually effective and should be used for all patients with
newly-diagnosed or newly-relapsed AML.**® Current management strategies for differentiation
syndrome that may be induced by ATRA, IDH1 and IDH2 inhibitors, and menin inhibitors are

also typically effective.?*®

Outpatient management of selected patients during afebrile
chemotherapy-induced severe neutropenia is feasible while awaiting CBC recovery, although
strict criteria for inpatient readmission must be employed given high risk of febrile neutropenia

and life-threatening bacteremia.?**

Dietary restrictions have not proven beneficial or
necessary during chemotherapy for pediatric patients with AML,%? although are often used in

the allogeneic HSCT setting during periods of severe immunocompromise.

Antibiotic prophylaxis and treatment for pediatric patients with AML

Bacterial infections, particularly viridans group streptococci and gram-negative rods,
cause substantial morbidity in pediatric patients with AML, but the risk for these infections differs
across published studies.®®*%*® Based on an analysis of randomized trials of antibacterial
prophylaxis in children with cancer, pediatric-specific guidelines provide a weak
recommendation with high-quality evidence to administer systemic antibacterial prophylaxis in

children treated for AML.%’ Levofloxacin is the preferred empiric antibiotic based upon data
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from the COG ACCL09334 randomized study with strong recommendation based upon
moderate-quality evidence.”® Conversely, a separate pediatric-specific guideline based upon
observational studies and randomized clinical trials recommended against the use of routine
antibacterial prophylaxis in pediatric patients with AML?* based upon absence of an overall
mortality rate difference and concerns for increased antimicrobial resistance.?®*?%*

Empiric broad-spectrum antibiotic therapy is recommended for pediatric patients with
AML during febrile neutropenia and for culture-documented bacterial infections.?°2°#?% Rapid
antibiotic initiation in the setting of fever and neutropenia is essential and may be life-
Saving.262,264
As in other childhood malignancies, trimethoprim/sulfamethoxazole prophylaxis for
Pneumocystis jirovecii should be used for all patients during chemotherapy and HSCT and

continued for 3-6 months off therapy according to protocol or cooperative group standards.”®

Antifungal prophylaxis and treatment for pediatric patients with AML

The natural incidence of invasive fungal infections in children and AYAs with AML
exceeds 10%, and pediatric-specific guidelines accordingly provide a strong recommendation
for antifungal prophylaxis with robust anti-mold activity during severe therapy-induced
neutropenia.?®*?42% The recent multi-center, randomized, open-label COG ACCL0933 clinical
trial conducted in >500 pediatric patients with newly-diagnosed, relapsed, or secondary AML
demonstrated superiority of caspofungin versus fluconazole prophylaxis with significant
reduction of invasive fungal disease (particularly aspergillosis), albeit without a significant

impact on 0S.?®” Derived from adult data,*®

the most recent guidelines from the European
Conference on Infections in Leukaemia also recommend posaconazole prophylaxis as an option
in children with AML.?®* Posaconazole slow-release tablets have recently been approved for

children two years of age and greater in some countries, which may help to overcome known

difficulty in achieving adequate steady-state serum drug levels in children receiving
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posaconazole liquid suspension/solution.?**?™ Other anti-fungal options with a lower grade of
evidence include voriconazole and liposomal amphotericin B (with various dosing schedules).?®*
Empiric antifungal therapy should also be considered for patients with febrile neutropenia
unresponsive to broad-spectrum antibiotics after 72-96 hours, and imaging (eg, computed
tomography scan of sinuses, chest, and abdomen/pelvis) upon CBC recovery is strongly
recommended to assess for occult infection and need for continued anti-fungal therapy.?®* Of
note, some targeted inhibitors used in pediatric AML regimens (eg, venetoclax, revumenib)
require dose modification/reduction in patients treated with concomitant azole therapy due to
differential CYP3A4-related metabolism, or use of non-azole anti-fungal agents may be
required.

Treatment of documented invasive fungal infections (IFl), particularly molds, require
weeks to months of species-directed treatment with liposomal amphotericin, a broad-spectrum
azole, or echinocandins and may also necessitate surgical excision or serial debridement (eg,
pulmonary aspergillosis, fungal sinusitis, bulky CNS lesions) for optimal local infectious control.
Pediatric-specific IFI management guidelines should be followed in accordance with institutional
and cooperative group practices.?®*?"?"? Serial serum galactomannan or beta-D-glucan
monitoring during periods of severe neutropenia has been used by several groups, but has a
high rate of false negativity and is thus not recommended.?”*?"* A positive test result in a patient
with documented IFI can be followed during anti-fungal therapy to assess for resolution as a

biomarker of treatment efficacy, although robust data for such approaches remain lacking.?**2"

Cardiac toxicity in pediatric patients with AML

While anthracycline-associated cardiac toxicity with cumulative drug doses >300 mg/m?
and associated impact upon long-term survival outcomes are well-described for children and
AYAs with AML, practice differences exist across pediatric oncology consortia in cardiac

monitoring recommendations and in use of and access to dexrazoxane for cardioprotection
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during anthracycline-containing chemotherapy cycles.?”®?’” These differences stem in large part
from the reported differences in left ventricular systolic dysfunction (LVSD) occurrence that
range from 4.3% in BFM AML trials to 22% on the COG AAML1031 trial.?’®?"® Although not fully
understood, these discrepancies may be attributable to distinct patient populations, differential
cardiac monitoring practices, and/or differing calculations of doxorubicin-equivalents for specific
anthracyclines/anthraquinones (particularly mitoxantrone).?°28

The high rate of LVSD on COG AML trials and decreased survival outcomes have
prompted multiple efforts to decrease anthracycline/anthraquinone-associated cardiac toxicity of
frontline and relapsed therapies.?®*?** Recent studies have suggested that mitoxantrone, used
in most frontline regimens, may be particularly cardiotoxic. However, data remain incompletely
conclusive, may be confounded by patients’ receipt of other anthracycline drugs during frontline
therapy, and require further research.?®>?! Current efforts have focused upon supportive care
with dexrazoxane co-administered with conventional anthracycline drugs and upon investigation
of CPX-351 after liposomal daunorubicin became unavailable.*?”?®* The now-mandated use of
dexrazoxane by the COG is based on a secondary comparative effectiveness analyses in the
AAML1031 trial, which demonstrated reduced LVSD and treatment-related mortality in pediatric
patients with newly-diagnosed AML who received dexrazoxane with anthracycline
chemotherapy according to the preferences of treating physicians or institutional practices.?®®
The NOPHO-DB-SHIP and other international cooperative oncology groups also recommend

dexrazoxane use for all pediatric patients with AML based upon the COG data.?®

Use of hematopoietic growth factors in pediatric patients with AML

Although hematopoietic growth factors (eg, g-csf, granulocyte/monocyte colony
stimulating factor [gm-csf]) significantly decrease the duration of severe neutropenia, they do
not decrease the incidence of febrile neutropenia, microbiologically-documented infections, or

infection-associated mortality.”®” Routine use of growth factor support was not recommended
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based upon these data and upon findings from NOPHO and BFM trials that reported a potential
or documented increased risk of relapse in children with AML,%#?% although g-csf has been
safely used as a key component of the FLAG chemotherapy regimen.?*2"%! Hastening ANC
recovery via temporary g-csf or gm-csf support may benefit pediatric patients with AML with
severe chemotherapy-induced neutropenia during critical illness and/or serious infections and
should be considered in such circumstances.?*%%
SUMMARY

These evidence-based international consensus guidelines based upon collective
expertise in pediatric AML biology, genetic diagnostics, immunophenotyping, clinical care,
response assessment and MRD monitoring, supportive care, and childhood cancer survivorship
aim to provide recommendations for the comprehensive care of children, adolescents, and

young adults with AML with a focus upon long-term cure and optimal quality of life.
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TABLES

Table 1. Immunophenotypic markers used in pediatric AML diagnosis and MRD

monitoring. Markers for MPAL diagnosis are also included for comparison.

Diagnosis and monitoring of acute myeloid leukemia (AML)*

Precursor stage/backbone
markers

CD34, CD117, CD133, HLA-DR

Myelomonocytic markers

CD4, CD11b, CD11c, CD13, CD14, CD15, CD33, CD36,
CD64, CD65, CD123, CD371
intracellulart myeloperoxidase (iMPO)

Megakaryocytic markers”

CD41, CD42b, CD61

Erythroid markers (optional)

CD71, (CD235a, CD105)

Leukemia-specific antigen

NG2 homologt

Lineage-aberrant antigens

CD2, CD7, CD19, CD56"

Pan-leukocyte markers

CD11a, CD38, CD45, CD45RA, CD99

Diagnosis of mixed phenotype acute leukemia (MPAL)S§

Myeloid lineage

iIMPO (strong) or evidence of monocytic differentiation by at

least two of CD11c, CD14, CD64 or i-lysozyme

CD19 (strong) with at least one of iCD79a, iCD22, CD10
strongly expressed

B-lineage or CD19 (weak) with at least two of iCD79a, iCD22, CD10
strongly expressed
T-lineage iICD3 (strong) or surface CD3

*This list of markers recommended for the comprehensive diagnostic work-up of pediatric AML is largely aligned with
the 2022 adult AML ELN consensus guidelines.® Markers in bold are mandatory to fulfill WHO 2022 criteria,™
whereas those in italics are more pediatric AML-relevant and have diagnostic, prognostic or therapeutic implications.
Underlined antigens are recommended for MRD-oriented assessments at diagnosis and in foIIow-up.3‘23

TIntracellular expression is represented by prefix “i”

At least one positive antigen is needed to define megakaryocytic lineage derivation. Assessment does not
necessarily require inclusion of all three markers at once, but prioritization of CD42b = CD61 > CD41 should be
performed.*®

IMany KMT2A-rearranged AML cases (especially those with monocytic differentiation) express the NG2 homolog
reacting with the monoclonal antibody 7.1.%°

~Not appropriate for MRD monitoring in ML-DS. Nuclear GATAL (N and C-terminus) staining may be used for ML-DS
diagnosis.

8Requirements for an MPAL diagnosis are based on the WHO 2022 criteria.'® Note that strong expression means
overlap in marker intensity of blasts with = 50% of normal mature leukocytes expressing this marker. A diagnosis of
MPAL can also be assigned if there are two or more separate blast populations from different lineages.
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Table 2. Genetic alterations of clinical significance in pediatric AML and detection

assays.

Genetic alteration

Recommended methodology for detection?

Frequency in
pediatric AMLY

duplication(1q)

G-banding/FISH/chromosomal microarray

~1%

t(1;22)(p13.3;9q13.1);
RBM15::MRTFA

G-banding/FISH/NGS/RNA sequencing

<1%
(10-13% of AMKL)

duplication(3q)

G-banding/FISH/chromosomal microarray

~1%*

inv(3)(q21q26), G-banding“/FISH/NGS <1%
t(3;3)(a21;926);

GATA2,

RPN1::MECOM

t(3;5)(925;935); G-banding/ RT-PCR/NGS/RNA sequencing <1%
NPM1::MLF1

deletion 5q (including | G-banding/FISH <1%
5g31)

t(6;9)(p23;934.1); G-banding/FISH/NGS/RNA sequencing 1-2%
DEK::NUP214

t(7;12)(g36;p13.2) G-banding/FISH/NGS/RNA sequencing 2-3%"
monosomy 7 G-banding/FISH/chromosomal microarray <1%
(8;16)(p11.2;p13.3); G-banding/FISH/RT-PCR/NGS/RNA <1%
KAT6A::CREBBP sequencing

t(8;21)(921.3;922); G-banding®/FISH/RT-PCR/RNA sequencing 13-19%
RUNX1::RUNX1T1

1(9;22)(g34;911.2); G-banding/FISH/ RT-PCR/NGS/RNA <1%
BCR::ABL1 sequencing

t(10;11)(p12;914.2); G-banding/FISH/RT-PCR/NGS/RNA <1%
PICALM::MLLT10 sequencing

del(12p) G-banding/FISH/chromosomal microarray 1-2%
1(15;17)(q24.1;921.2); | G-banding®/FISH/RT-PCR/NGS/RNA 5-10%
PML::RARA sequencing

inv(16)(p13.1922)/ G-banding®/FISH/RT-PCR/NGS/RNA 7-12%
t(16;16)(p13.1;922); sequencing

CBFB::MYH11

t(16;21)(p11.2;922.2); | G-banding/RT-PCR/NGS/RNA sequencing <1%
FUS: ERG

inv(16)(p13.3924.3) FISH/RT-PCR/NGS/RNA sequencing ~3%

CBFA2T3::GLIS2

(16-30% of AMKL)

Fusions with multiple possible cytogenetic abnormalities or normal karyotype
KMT2A FISH/ RT-PCR/NGS/RNA sequencing® ~20%
rearrangements

ETV6 fusions FISH/NGS/RNA sequencing 1%

(4% of infant AML)

MECOM FISH/NGS/RNA sequencing <1%
rearrangements

(other)

MLLT10 FISH/NGS/RNA sequencing

NUP98 FISH/RT-PCR/NGS/RNA sequencing 5-9%
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rearrangements

RARA rearrangements | FISH/RT-PCR/NGS/RNA sequencing <1%
RARB rearrangements | RNA sequencing/WGS <1%
Mutation

CEBPA bzIP° PCR with fragment analysis/DNA sequencing® | 5-6%
CEBPA TAD1 PCR with fragment analysis/DNA sequencing | <5%
ETV6 DNA sequencing <5%
FLT3-ITD' PCR with fragment analysis/RNA sequencing® | 10-20%
FLT3-TKD DNA sequencing 5-10%
GATAl DNA sequencing 100% of ML-DS
GATA2 DNA sequencing <5%
IDH1 DNA sequencing <5%
IDH2 DNA sequencing <5%
KMT2A-PTD DNA sequencing/chromosomal microarray <5%
NPM1 PCR with fragment analysis/DNA sequencing | 6-8%
RUNX1 DNA sequencing <5%
TP53 DNA sequencing 2%
UBTF-TD PCR with fragment analysis/INGS/WGS ~4%
WT1 DNA sequencing 7-14%
Other mutations DNA sequencing

(eg, ASXL1, CSF3R,

DNMT3A, KIT, RAS,

TET2)

AML = acute myeloid leukemia, AMKL = acute megakaryoblastic leukemia, FISH = fluorescence in situ hybridization,
ITD = internal tandem duplication, ML-DS = myeloid leukemia of Down syndrome, MR = myelodysplasia-related,
NGS = RNA and DNA next-generation sequencing, PCR = polymerase chain reaction, PTD = partial tandem
duplication, RT = reverse transcription, TD = tandem duplication, WGS = whole genome sequencing.

% When more than one methodology is listed, either can be used. All methods can be substituted by WGS, a
combination of WGS and RNA sequencing, or targeted PCR-based assays if the laboratory has verified the technique
for the specific alteration.

® | the variant is combined with a CEBPA bZIP mutation is classified as pathogenic (P) or likely pathogenic (LP) and
has an allelic frequency of 40-60% or >90%.

¢ G-banding is not recommended as sole method since the fusion may be cryptic and should be assessed via another
technique, particularly in the case of morphologic or immunophenotypic features associated with the abnormality.
9Some KMT2A rearrangements may not be detected by FISH (eg, KMT2A::MLLT10 or RNA sequencing due to low
expression. A combination of methods is preferred.

¢ NGS with non-amplicon-based targeting is preferred.

"PCR is the preferred method for quantification of allelic ratio. Sequencing-based methodologies can provide variant
allele frequency, but are generally less sensitive than PCR.

9 Frequencies obtained from cited references.’+3852/60,6366,292-295

*strong association with Fanconi anemia-associated AML
~enriched in infants with AML
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Table 3. Classification of pediatric AML based upon current WHO criteria.’

Diagnosis

Defining genetic
abnormalities

Common features

AML with defining genetic abnormalities

AML with
RUNXZ1::RUNX1T1 fusion®

1(8;21)(q21.3;q22)

Neutrophilic maturation, Auer
rods, basophilic/mast cell
component, heterogenous
expression of CD19 and/or
cytoplasmic CD79

AML with CBFB::MYH11
fusion®

inv(16)(p13.1922) or
t(16;16)(p13.1;922)

Myelomonocytic, hybrid
eosinophilic/basophilic
granulation of all maturation
stages, heterogenous
expression of CD2

APL with PML::RARA
fusion®

t(15;17)(q24.1;921.2) or
RARA variant

Bundles of Auer rods, strong
activity/expression of MPO

AML with KMT2A
rearrangement’

Fusion involving KMT2A
(11923.3) may be
cytogenetically cryptic

Often but not always
monocytic, NG2 expression on
leukemic cells

AML with DEK::NUP214
fusion®

1(6;9)(p23;q34.1)

Multilineage dysplasia +/-
basophilic component

AML with MECOM
rearrangement’

inv(3)(g21g26),
t(3;3)(g21;926), or t(v;3gq26)

Multilineage dysplasia,
especially
dysmegakaryopoiesis

AML with ETV6 fusion®

t(7;12)(g36;p13.2) in
ETV6::MNX1, may be
cytogenetically cryptic

Trisomy 19 in ETV6::MNX1,
12p abnormalities in others,
infants

AML with KAT6A::CREBBP
fusion®

(8;16)(p11.2;p13.3)

Monaoblasts with
erythrophagocytosis, especially
in young children

AML with RBM15::MRTFA
(formerly MKL1) fusion®

t(1;22)(p13.3;913.1)

AMKL, infants

AML with CBFA2T3::GLIS2
fusion®

inv(16)(p13.3924.3),
cytogenetically cryptic

RAM phenotype®’

AML with NUP98
rearrangement’

t(v;11p15.4), may be
cytogenetically cryptic

Pink/red cytoplasmic granules,
presence of a perinuclear hof,
Auer rods

AML with FUS::ERG fusion®

t(16;21)(p11.2;922.2)

Auer rods

AML with mutated NPM12

Insertion in NPM1 exon 12

Monoblastic or myelomonocytic
maturation, sometimes cup-like
nuclei, negative for HLA-DR

AML with mutated CEBPA?

Double/biallelic CEBPA
mutation, or single if in-frame
in bZIP region

Expression of CD34, HLA-DR
and CD7

Acute myeloid leukemia,
myelodysplasia-related?

Complex karyotype (= 3
abnormalities), del(5q), -7,

Absence of any other defining
genetic abnormality listed
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del(7q), del(11q), del(12p), -
13/del(13q), del (17p), i(17q),
idic(X)(q13)*

above and history of MDS
and/or presence of a
myelodysplasia-related
cytogenetic abnormality

AML defined by differentiati

on

AML with minimal
differentiation?

<3% blasts positive for
MPO/Sudan black, expression
of >2 myeloid antigens®

AML without maturation®

23% blasts positive for
MPO/Sudan black®

AML with maturation®

>10% maturing granulocytes®

Acute myelomonocytic
leukemia?

Both neutrophilic and
monocytic precursors are
>20% of cells®

Acute monoblastic and
monocytic leukemia?

>80% of blasts are of
monocytic lineage®

Pure erythroid leukemia®

>80% of bone marrow cells are
erythroid with >30%
proerythroblasts

Acute megakaryoblastic
leukemia?

Expression of megakaryocyte
lineage markers (CD41, CD42b
and/or CD61)*

Myeloid neoplasms and proliferations associated with antecedent or predisposing

conditions

Myeloid neoplasm post
cytotoxic therapy (MN-pCT)

Therapy for previous
malignancy, independent of
genetic abnormality

Myeloid neoplasm
associated with germline
predisposition

Germline mutation in one of
several defined genes

Family history, CEBPA
mutation in TAD1 region,
monosomy 7

Myeloid proliferation
associated with Down
syndrome?

Germline +21, acquired
mutation in GATAL

Megakaryaoblasts, negative for
CDlla
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Table 4. Favorable risk and unfavorable risk pediatric AML genetic alterations with
international consensus used in current clinical trial protocols.

Genetic alteration
Favorable risk (non-high-risk)

£(8;21)(921.3;022) with RUNX1::RUNX1T1 fusion*

inv(16)/t(16;16)(p13.1g22.1) with CBFB::MYH11 fusion*

NPM1 mutation

CEBPA bZIP mutation

Unfavorable risk (high-risk)

inv(3)(9q21.3926.2)/1(3;3)(g21.3926.2) with RPN1::MECOM fusion

1(6;9)(p22.3;g34.1) with DEK::NUP214 fusion

inv(16)(p13.3924.3) with CBFA2T3::GLIS2 fusion
(or RAM flow cytometry immunophenotype®’ in the absence of detected fusion)

t(4;11)(g21;923.3) with KMT2A::AFF1 fusion

1(6:11)(q27;923.3) with KMT2A::AFDN fusion

1(10;11)(p12.3;923.3) with KMT2A::MLLT10 fusion

t(10;11)(p12.1;923.3) with KMT2A::ABI1 fusion

t(5;11)(g35;p15.4) with NUP98::NSD1 fusion

11p15.4 rearrangement with NUP98 fusion with other/non-NSD1 partner gene

12p13.2 rearrangement with ETV6 fusion with any partner gene

Deletion 12p (including 12p13.2) with loss of ETV6

Monosomy 5/del 5¢ (including 5g31) with loss of EGR1

Monosomy 7

FLT3-ITD (allelic ratios thresholds may vary; high-risk status may be mitigated by occurrence of
favorable risk co-mutations)

* Co-occurring CKIT mutations may serve as disease modifiers in these leukemia subtypes

Table 5. Recently-identified pediatric AML genetic alterations with international
consensus as unfavorable risk for potential/planned inclusion in future risk stratification
algorithms and clinical trial protocols.

Genetic alteration

t(3;21)(26.2;922) with RUNX1::MECOM fusion or

MECOMI/EVI1 dysregulation in the absence of rearrangement®®

1(3;5)(q25;g34), NPM1::MLF1 fusion

t(8;16)(p11.2;p13.3) with KAT6A::CREBBP fusion

t(16;21)(p11.2;922.2) with FUS::ERG fusion

1(9;22)(g34;911) with BCR::ABL1 fusion

t(11;19)(g23.3;p13.3) with KMT2A::MLLT1 fusion®

10p12.3 rearrangement

Myelodysplasia-related cytogenetic aberrations

TP53 mutation

UBTF tandem duplication
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Table 6. International consensus pediatric AML response criteria.

Response category

Response definition

Complete remission
(CR)

<5% leukemia blasts as determined by flow cytometry with no
evidence of circulating blasts or extramedullary disease and with
recovery of peripheral blood counts to ANC =500/uL and platelets

250,000/uL

MRD-negative CR
(CRwro)

No evidence of leukemia as determined by flow cytometry
(by protocol- or cooperative group-specified thresholds for MRD
negativity, usually at <0.05 or <0.1% level)

CR with partial
recovery of platelet
count (CRp)

<5% leukemia blasts as determined by flow cytometry and no
evidence of circulating blasts or extramedullary disease and with
recovery of peripheral blood counts to ANC =500/uL and platelets

220,000/uL

Complete remission
with incomplete blood
count recovery (CRi)

< 5% leukemic blasts as determined by flow cytometry AND no
evidence of circulating blasts or extramedullary disease and with
ANC >200/uL and platelets >20,000/uL without dependence on
platelet transfusions (defined as platelet count >20,000/uL AND no
platelet transfusions x 5 days)

Partial response (PR)

M2 bone marrow (5% to 20% leukemic blasts) by flow cytometry and
at least a 50% decrease in bone marrow leukemic blast percent from
baseline

Morphologic
leukemia-free state
(MLFS)

<5% bone marrow blasts by morphologic evaluation, absence of
blasts with Auer rods, absence of extramedullary disease; no
hematologic recovery required

Treatment failure
Refractory disease

Relapsed disease
(after CR, CRp, or
CRi)

MRD relapse
(after CR, CRp, or
CRi)

Persistent MRD

No CR, CRp, or CRi at the response landmark (after two courses of
intensive induction therapy for newly-diagnosed AML and after one
course of salvage chemotherapy for relapsed AML)

Bone marrow blasts 25% as determined by MFC, reappearance of
blasts in the blood as determined by MFC in at least two peripheral
blood samples at least one week apart, or development of
extramedullary disease

A single bone marrow sample with at least two tests (MFC and/or
other molecular techniques*) showing 21% AML blasts or two serial
marrows showing a one log increase of AML involvement with the
second tests quantified as 20.1%

Persistence of AML blasts 0.1-<5% as determined by MFC following
22 courses of intensive induction for newly-diagnosed AML or =1
course of salvage chemotherapy for relapsed AML

MFC = multi-parameter flow cytometry analysis, MRD = measurable residual disease
*Karyotypic abnormality; FISH abnormality identical to one present at diagnosis (must be above level of sensitivity of
specific FISH probe); PCR or NGS-based demonstration of validated AML-associated fusion or mutation that
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matches initial diagnosis and is quantifiable as =1%. ‘No evidence of leukemia’ has also been recently proposed by
one study group as an additional response category and is under further consideration.”®’

Table 7. Recently completed phase 3 clinical trials and registries for pediatric patients
with newly-diagnosed AML.

Study Enrollment | Patient | Number of | Study question/ | CR* EFS oS
period age patients randomization
(years) | enrolled
AML | SJICRH AML0O8™" | 2008-2017 <21 285 clofarabine and 93%vs | 3-year 3-year
cytarabine vs 93% 53% vs 75% vs
cytarabine, 52% 65%
daunorubicin, and
etoposide
AML-BFM 2012 2012-2017 <18 324 not applicable 90% 5-year 5-year
registry**® 58% 79%
NOPHO AML 2013-2021 <18 287 (194 liposomal 85% vs 5-year 5-year
2012%%° randomized) | daunorubicin vs 88% 57% Vs 73% vs
mitoxantrone 72% 89%
JPLSG AML-12°" | 2014-2018 <18 324 standard-dose vs | 88% vs | 3-year 3-year
high-dose 88% 64% vs 84% vs
cytarabine in 61% 75%
induction
CCLG-AML 2015-2019 <18 1258 (554 homoharringtonine | 80% vs 3-year 3-year
2015°* received (H) vs etoposide | 74% 61% vs 69% Vs
maintenance) | (E) in induction 52% 63%
cytarabine (C) vs -- H+ AT
ATRA (AT) in 71%
maintenance H+C
75%
E+C
73%
E+ AT
66%
AIEOP AML 2015-2022 <18 371 SR: standard 92% (all | 3-year 3-year
2018% multi-agent patients) | DFS 99.2%
chemotherapy 74.3% (SR)
IR: idarubicin, (no 84.2%
cytarabine and difference | (IR)
etoposide (ICE) vs between 79.4%
fludarabine, arms in (HR)
cytarabine, and IR or HR
liposomal patients)
doxorubicin (FLA-
L-doxo) in
induction 2
HR: ICE vs FLA-L-
doxo ) in induction
2
Myechild 01" 2019-2022 <18 515 1dose (day4)vs | 93%vs | 3-year 3-year
3 doses (days 4, 96% 63% vs 80% vs
7, 10) of 70% 86%
gemtuzumab in
induction
COG AAML1831™ | 2020-2024 <22 721 CPX-351 vs not 2-year 2-year
daunorubicin and available | 51% vs 75% vs
cytarabine in 61% 76%
induction
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ML- | ML DS 2006°* 2007-2015 <4 170 not applicable 100% 5-year 5-year

DS 87% 89%
JPLSG 2012-2015 <18 78 not applicable 97% 3-year 3-year
AML-D11%* 88% 91%
COG AAML15317"® | 2015-2020 <4 201 omission of high- | not 2-year 2-year

(114 SR) dose cytarabine in | available | 86% vs 91% vs
induction 2 for SR 94% 96%
patients;
comparison to
historic COG
AAMLO0431 data®"’

APL | ICC-APL-01 2008-2015 <21 258 not applicable 97% 5-year 5-year
(ATRA/chemo)*®’ 80% 95%
CCLG-APL 2011-2020 <17 204 (176 Intravenous ATO 100% 5-year 8-year
(ATRA/ATO/R":)180 randomized) | vs oral 98% vs 100%

Realgar-Indigo 98% (all
naturalis formula patients)
COG AAML 1331 2015-2019 <21 154 not applicable 100% 2-year 2-year
(ATRA/ATO)'"® 98% 99%
(SR), (SR),
96% (HR) | 100%
(HR)
CCLG-APL 2016 2016-2018 <18 193 not applicable 99% 2-year 2-year
(ATRA-ATO)'"® (SR) 97% 99%
95% (SR), (SR),
(HR) 90% (HR) | 95%
(HR)

ATO = arsenic trioxide, ATRA = all-trans retinoic acid, DFS = disease free survival, EFS = event-free survival, OS =
overall survival. SR = standard risk, IR = intermediate risk, HR = high risk. *Definitions of risk stratification and of
complete response (CR) may differ by protocol or cooperative group.
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Table 8. Classification of myeloid neoplasms with germline predisposition.

Myeloid neoplasms with germline predisposition not affecting other organ systems
* germline CEBPA mutation
* germline TP53 mutation

Myeloid neoplasms with germline predisposition with pre-existing platelet disorder
* germline RUNX1 mutation
* germline ANKRD26 mutation
* germline ETV6 mutation

Myeloid neoplasms with germline predisposition affecting multiple organ systems
* germline GATA2 mutation
* germline SAMD9 or SAMD9IL mutation

Myeloid neoplasms in classical inherited bone marrow failure disorders

* Fanconi anemia (caused by germline mutations in one of >22 FANC family genes)

» Shwachman-Diamond syndrome (caused by germline SDBS mutation, frequently
associated with somatic TP53 mutation)

» Severe congenital neutropenia (most commonly caused by germline ELANE mutation,
may also be associated with germline CSF3R and other gene mutations)

+ Dyskeratosis congenita and other telomere biology disorders (caused by germline
mutations in various genes associated with telomere maintenance)

« Diamond-Blackfan anemia (caused by germline mutations in various ribosomal protein
genes)

Myeloid neoplasms in RASopathies
* Neurofibromatosis type 1
* Noonan syndrome-like disorders (CBL syndrome, rare others)

Myeloid leukemia of Down syndrome (ML-DS)

Table 9. Concerning clinical and genetic characteristics or historical factors that should
prompt evaluation of potential germline predisposition to AML.

Personal history of two of more cancers

Myeloid neoplasms in family members arising at a young age

Family history of multiple cancers, particularly in members <50 years of age

Gene mutations with known germline inheritance present with a heterozygous (40-60%) or
homozygous (>80%) variant allele frequency

Excessive toxicities with radiation and/or chemotherapy

Gain of 3q in absence of known recurrent fusions (Fanconi testing)
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FIGURES

Figure 1. Integrated approach to the diagnosis and management of pediatric acute
myeloid leukemia. AML = acute myeloid leukemia, CNS = central nervous system, EM =
extramedullary, HSCT = hematopoietic stem cell transplantation, IT = intrathecal, MFC = multi-
parameter flow cytometry, MRD = measurable residual disease, SOC = standard of care. At
time of AML diagnosis, baseline peripheral blood laboratory assessments should include
complete blood count with differential and peripheral blood smear, complete
chemistries/electrolytes with creatinine and uric acid (for monitoring of potential tumor lysis),
hepatobiliary function (AST, ALT, bilirubin), and coagulation studies (PTT, PT/INR, others).
Baseline thyroid function (thyroid stimulating hormone, free thyroxine), viral titers
(cytomegalovirus, Epstein-Barr virus, hepatitis B, hepatitis C, and/or human immunodeficiency
virus), and immunoglobulin levels (IgG) may also be assessed if protocol-required or performed
as institutional standard of care. Tumor lysis syndrome precautions with intravenous fluids and
allopurinol (or rasburicase) should be initiated at initial presentation with continued electrolyte
monitoring through the first several days of chemotherapy administration. Human leukocyte
antigen (HLA) typing should also be considered for all pediatric patients with newly-diagnosed
AML given high utilization of allogeneic HSCT in complete first remission and/or at time of
relapse. Cerebrospinal fluid analysis should include white blood cell count, red blood cell count,
and cytospin. A chest x-ray should be performed for all patients to assess for potential
mediastinal masses, which are uncommon in pediatric patients with AML. Ultrasound, computed
tomography (CT), magnetic resonance imaging (MRI), positron emission tomography (PET)
scans and/or tissue biopsy may be performed as clinically indicated to assess for potential non-
CNS extramedullary involvement (eg, chloroma). Electrocardiogram (EKG) and echocardiogram
should be performed for all pediatric patients with AML to assess baseline cardiac function prior
to receipt of anthracycline- or anthracenedione-based chemotherapy and monitored serially

during and after therapy per protocol or institutional standards. MFC immunophenotyping and
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complete cytomolecular genetic characterization should be performed on bone marrow aspirate
specimens (or peripheral blood if necessary), and response assessment after multi-agent
induction chemotherapy (and consolidation if indicated) should include sensitve MFC MRD
testing. Robust anti-infectious, cardiac, and other supportive care measures should be used
during therapy. Fertility preservation prior to chemotherapy and/or HSCT should be considered
as developmentally appropriate. All patients should be monitored comprehensively and regularly
at protocol-defined frequency for at least five years following therapy completion for relapse and
for therapy-associated end-organ dysfunction with appropriate referral to other specialists as
clinically indicated. Long-term follow-up may be transitioned to medical hematologists as

pediatric patients reach young adulthood.

Figure 2. Recommended approach for clinical genetic diagnostics of pediatric AML.
Fluorescence in situ hybridization (FISH) assays with probes for canonical somatic AML-
associated genetic alterations have a rapid turnaround time (TAT) and can quickly identify many
major pediatric AML subtypes with prognostic implications (eg, RUNX1::RUNXT1,
CBFB::MYH11, PML::RARA, KMT2A rearrangement, NUP98 rearrangement).
Cytogenetic/karyotype analysis is useful for identifying aneuploidies (eg, monosomy 7, trisomy
8) and complex karyotypes. Chromosomal microarrays detect also copy number variations and
are generally more sensitive than traditional karyotyping. Dedicated CEBPA, NPM1, and FLT3
mutation analysis via PCR and capillary electrophoresis (with quantitative FLT3 mutant : wild-
type allelic ratio [AR] determination) may be performed given rapid TAT and impact of positive
results upon therapeutic decision making (eg, addition of FLT3 inhibitors to induction
chemotherapy, allocation to hematopoietic stem cell transplantation in first complete remission).
RNA-based next generation sequencing (NGS) targeted fusion panels, reverse transcriptase
polymerase chain reaction (RT-PCR), or RNA sequencing (RNAseq) are highly effective at

detecting oncogenic fusions in pediatric AML with high sensitivity. DNA-based NGS can detect
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point mutations of prognostic significance (eg, CEBPA, NPM1, FLT3) or non-prognostic
significance (eg, KRAS, NRAS) with high sensitivity and is increasingly used instead of
individual gene PCR-based testing. Newer techniques, such as nanopore sequencing, optical
genome mapping, and whole genome sequencing, may be performed as research testing or
clinical testing if available. DNA-based germline testing should also be performed for all patients
with suspicion for bone marrow failure or cancer predisposition based upon somatic-only testing

results or clinical concerns. Some institutions routinely performed paired tumor/normal testing.
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Diagnosis and Management of Pediatric Acute Myeloid Leukemia:

Consensus Recommendations from an International Expert Panel

Context of Research Aim of This Study 2

Lack of modern guidelines have limited a uniform approach to International experts provide consensus recommendations i
the diagnosis and treatment of children, adolescents, and regarding the diagnosis, management, therapy selection, risk 2
young adults with acute myeloid leukemia (AML). status determination, and response criteria for pediatric AML. €
Results g
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« Conclusions: These evidence-based international consensus guidelines based upon collective
expertise in pediatric AML biology, genetic diagnostics, immunophenotyping, clinical care, response$
assessment and MRD monitoring, supportive care, and childhood cancer survivorship aim to providegz
recommendations for the comprehensive care of children, adolescents, and young adults with AML "~
with a focus upon long-term cure and optimal quality of life.
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How I treat myelodysplastic syndromes of childhood
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"Department of Pediatric Hematology and Oncology, Istituto di Ricovero e Cura a Carattere Scientifico Ospedale Pediatrico Bambino Gesu, Rome, ltaly;
2Department of Pediatric Science, University of Pavia, Pavia, Italy; and *Department of Pediatrics and Adolescent Medicine, Division of Pediatric Hematology and
Oncology, Medical Centre, Faculty of Medicine, University of Freiburg, Freiburg, Germany

Pediatric myelodysplastic syndromes (MDSs) are a heterogeneous group of clonal disorders with an annual incidence of
1 to 4 cases per million, accounting for less than 5% of childhood hematologic malignancies. MDSs in children often
occur in the context of inherited bone marrow failure syndromes, which represent a peculiarity of myelodysplasia
diagnosed in pediatric patients. Moreover, germ line syndromes predisposing individuals to develop MDS or acute
myeloid leukemia have recently been identified, such as those caused by mutations in GATA2, ETV6, SRP72, and
SAMD9/SAMD9-L. Refractory cytopenia of childhood (RCC) is the most frequent pediatric MDS variant, and it has
specific histopathologic features. Allogeneic hematopoietic stem cell transplantation (HSCT) is the treatment of choice
for many children with MDSs and is routinely offered to all patients with MDS with excess of blasts, to those with MDS
secondary to previously administered chemoradiotherapy, and to those with RCC associated with monosomy 7,
complex karyotype, severe neutropenia, or transfusion dependence. Inmune-suppressive therapy may be a treatment
option for RCC patients with hypocellular bone marrow and the absence of monosomy 7 or a complex karyotype,
although the response rate is lower than that observed in severe aplastic anemia, and a relevant proportion of these

patients will subsequently need HSCT for either nonresponse or relapse. (Blood. 2018;131(13):1406-1414)

Introduction

Myelodysplastic syndromes (MDSs) are clonal hematopoietic
disorders characterized by peripheral cytopenia, ineffective
hematopoiesis, and an increased risk of progression to acute
myeloid leukemia (AML). Although sporadic MDS is primarily
a disease of the elderly with an incidence of more than 36 per
100 000 in patients age 80 years or older," MDS in children (ie,
patients age 18 years or younger) is a rare disease with an
annual incidence of 1 to 4 cases per million (Table 1).2 Moreover,
some of the peculiarities of childhood MDSs are associated
with previous exposures to cytotoxic agents, including alky-
lating agents and topoisomerase inhibitors, inherited bone
marrow failure syndromes (IBMFSs), or genetic (ie, germinal)
predisposition syndromes (Tables 1 and 2).3>* Compared with
adult MDS, the knowledge of somatic genetic alterations in
the pediatric population is still limited, but recent evidence
indicates that genes known to be frequently mutated in adult
MDSs such as TET2, DNMT3A, and TP53 and the spliceosome
complex are not involved in disease pathogenesis in children
(Table 1).6® By contrast, somatic driver mutations in SETBP1,
ASXL1, RUNXT, and RAS oncogenes characterize the genomic
landscape of pediatric MDS.®

With these peculiar aspects of childhood MDS and the clinical
and biological diversity of the different variants in mind, we
discuss 4 paradigmatic cases that exemplify the heterogeneity
of both pathophysiology and the treatment approach to be
adopted in this rare disease.

1406 & blood® 29 MARCH 2018 | VOLUME 131, NUMBER 13

Case 1

An 8-year-old boy presented at the hospital emergency room
with bruising and hematomas in the legs. Blood cell counts
showed a hemoglobin level of 11.1 g/dL, an absolute neutrophil
count (ANC) of 1.3 X 10%L, and a platelet (PLT) count of
34 X 10°/L. Bone marrow (BM) aspirate was hypoplastic with
dysmorphic features involving mainly the myeloid and megakar-
yocyte lineages; blasts were not detected. Cytogenetic analysis
did not show any karyotype abnormality, but marrow trephine
confirmed the presence of marked hypocellularity and patchy
distribution of erythropoiesis. These evaluations were repeated
3 weeks later and substantially confirmed the initial findings,
so a diagnosis of refractory cytopenia of childhood (RCC) was
made. Family HLA typing did not show any compatible donor,
and a search for an unrelated donor (UD) was initiated. De-
spite unremarkable physical examination and family history,
chromosomal breakage testing and telomere length testing
were performed to exclude FA and telomeropathies. With an
ANC >1.0 X 107/L and an unsupported PLT count of 34 X 10%/L,
a watch-and-wait strategy was used. Within 3 months, the ANC
dropped below 1.0 X 107/L, and the patient became transfusion-
dependent for PLTs. A fully matched (in 10/10 HLA loci by high-
resolution techniques) UD was located, which enabled the
patient to receive an allogeneic hematopoietic stem cell trans-
plantation (HSCT) after a conditioning regimen consisting of
thiotepa and fludarabine and graft-versus-host disease (GVHD)
prophylaxis that included anti-T-lymphocyte globulin (ATLG),
cyclosporine A, and short-course methotrexate. He had slightly
delayed hematologic recovery with full donor hematopoiesis

© 2018 by The American Society of Hematology
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Table 1. Differences in MDSs between children and adults

Children (0-18 y) Adults (older than age 40 y)

Incidence per million 1-4 >40
Refractory anemia with ringed sideroblasts (%) <1 25
Associated IBMFSs and predisposition >30 <5
syndromes (%)
Familial aggregation Present in a proportion of patients Uncommon
Chromosomal aberrations (%)
=7/7q— 25-30 10
—5/5g— 1 20

Molecular aberrations

Presence of germ line mutations (eg, GATA2);
less frequent somatic mutations; absent or
exceptional spliceosomal mutations

Germ line mutations are less common; frequent
somatic mutations; spliceosomal mutations
are common

General aim of treatment

Curative

Often palliative

Adapted with substantial modifications from Hasle.®

IBMFS, inherited bone marrow failure syndrome.

and developed grade 1, skin-only acute GVHD that resolved
with topical steroids. Twenty-seven months after HSCT, he is in
good clinical condition with normal blood counts and full im-
mune recovery.

Epidemiology and clinical features of RCC
Pancytopenia with a severe decrease of BM cellularity in children
may be caused by many different disorders; of these, RCC,
acquired severe aplastic anemia (SAA), and IBMFS are the 3 most
common hematopoietic diagnoses. Clinical and histopathologic
distinction among these 3 groups of disorders is a well-known
challenge and has important therapeutic implications.??

RCC is the most common subtype of MDS in children.2'° Boys
and girls are equally affected, and median age at diagnosis is
7 to 8 years, although the disease can be diagnosed in all age
groups.”'2 In view of the unique clinical and morphologic
features of MDS without increase in blasts in children, the di-
agnosis of RCC was introduced in 2008 as a provisional entity
into the World Health Organization (WHO) classification of tu-
mors of the hematopoietic and lymphoid tissues.’® In contrast to
adults who usually present with isolated anemia, hematologic
manifestations in children frequently include thrombocytopenia
and/or neutropenia.?>'214 |n addition, an elevated mean cor-
puscular volume and moderately increased hemoglobin F values are
present in a large proportion of patients if age-adjusted reference
values are applied.

Diagnostic procedures

RCC is defined as persistent cytopenia with <5% blasts in BM,
<2% blasts in peripheral blood (PB), and dysplastic features,
most frequently observed in the erythroid and megakaryocytic
lineages (Figure 1).7* Notably, peculiar histopathologic findings
of childhood RCC consist of islands of immature erythroid
precursors accompanied by sparsely distributed granulocytic
cells (Figure 1). Megakaryocytes are either decreased or absent;
few micromegakaryocytes can be detected through immuno-
histochemistry. BM cellularity is significantly reduced in up to

TREATMENT OF CHILDHOOD MDS

80% of patients with RCC.2%'* BM morphologic assessment is
challenging; it should include evaluation of both aspirates and
marrow trephines, including immunostaining for CD61 for de-
tection of micromegakaryocytes.”'3

Pancytopenia in the presence of hypocellular BM with dysplastic
features might be indicative of MDS. As already mentioned, in
children, the differential diagnosis includes a variety of hematologic
as well as nonhematologic diseases,? the most important being
aplastic anemia (AA) and IBMFS. It has been reported that ex-
perienced pathologists can reliably distinguish the morphologic
pattern associated with RCC from that characteristic of patients
with SAA (Figure 1).7 In contrast, RCC and IBMFS share common
morphologic features, and their distinction is not possible based
on morphology alone. In fact, in about 15% of patients for whom

Table 2. Classification of syndromes and conditions that
predispose children to the development of MDSs

IBMFSs
FA
Diamond-Blackfan anemia
Shwachman-Diamond syndrome
Telomere biology disorders
Congenital amegakaryocytic thrombocytopenia
Severe congenital neutropenia

Germ line predisposition and preexisting platelet disorders
Myeloid neoplasms with germ line RUNX1 mutation
Myeloid neoplasms with germ line ANKRD26 mutation
Myeloid neoplasms with germ line ETV6 mutation

Myeloid neoplasms with germ line predisposition and other organ
dysfunction

Myeloid neoplasms with germ line GATA2 mutation
MDS with germ line SAMD9/SAMD9L mutation

Modified by Arber et al.*®

FA, Fanconi anemia.
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Figure 1. Histopathologic features and criteria dif-
ferentiating RCC from SAA.
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— lacking or single small focus
with less than 10 cells with
maturation

Erythropoiesis
— left shift

— patchy distribution

— increased mitoses

Granulopoiesis - lacking or marked decrease
- very few small foci with

maturation

— left shift

— marked decrease

Megakaryopoiesis | — lacking or very few
megakaryocytes
- no dysplastic megakaryocytes

- marked decrease
— dysplastic changes
— micromegakaryocytes

symptoms were suggestive of RCC, FA was diagnosed on the
basis of functional testing; moreover, 30% of the patients di-
agnosed with FA and BM failure had no obvious physical
abnormalities.”™ "¢ Similarly, patients with telomere disorders
might present with isolated BM failure as one of the first signs of
the disease and therefore are not reliably diagnosed on clinical
grounds. These observations demonstrate that, together with a
medical history that includes an extensive family history and
a thorough clinical examination, functional tests such as in-
vestigation for increased chromosomal breakage, G2 cell-cycle
arrest, western blot or mutational analyses for FA genes, and
telomere length are essential before the diagnosis of RCC can
be confirmed. More recent studies that use next-generation
sequencing (NGS) techniques in patients with IBMFS indicated
a low frequency of specific molecular lesions but gave a sat-
isfactory diagnostic yield for the whole group.'’-'? It remains to
be fully established how these methods can be incorporated
into a diagnostic algorithm.

In contrast to advanced MDS in which an abnormal karyotype is
found in ~60% of patients, no chromosomal aberrations are
detected in 70% to 80% of patients with RCC.2 Monosomy 7 is
the most frequent cytogenetic lesion, occurring in about 11% of
patients and being more frequently detected in patients with
normo-cellular or hypercellular BM than in children with marrow
hypocellularity.

Therapeutic approaches

Allo-HSCT is a curative treatment for many patients with MDS
and should be considered the treatment of choice if there is an
indication for therapy and a suitable donor is identified. Therefore,
HLA typing of patient’s family should be performed as soon as
the diagnosis of MDS is established; in the absence of a matched
family donor, a search for a UD should be initiated. In patients
with RCC, the presence of monosomy 7 is correlated with a high
risk of progression to more advanced MDS as well as to frank
AML, and therefore these patients should receive a transplant
as soon as possible (Figure 2).'2 The rare RCC patients with a
complex karyotype (characterized by =3 chromosomal aberra-
tions, including at least 1 structural aberration) should be offered
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a swift allograft as well, although the presence of these somatic
genetic abnormalities portend a dismal prognosis. In contrast,
patients with a normal karyotype may have a stable course of
disease over a long period, and therefore, in the absence of trans-
fusion dependency and/or marked neutropenia (ie, <1 X 107 or
0.5 X 107/L), we recommend a careful watch-and-wait strat-
egy (Figure 2)."""2 Patients with sustained neutropenia (we
recommend a threshold of 1 X 10%/L, but 0.5 X 10?/L can also
be an option) and/or transfusion dependency for PLTs and/or
red blood cells have an indication for therapeutic intervention
(Figure 2). Historically, HSCT with a myeloablative regimen has
resulted in a probability of event-free survival (EFS) of 75%,
transplantation-related mortality (TRM) being the major cause of
treatment failure.?° In view of these findings, reduced-intensity
conditioning might be an attractive approach at least for patients
with hypocellular marrow and normal karyotype (Figure 2).2'%2 In
a pilot study conducted in 19 children treated at centers affili-
ated with the European Working Group on Childhood MDS
(EWOG-MDS), HSCT after a preparative regimen that includes
thiotepa and fludarabine has resulted in a probability of overall
survival (OS) of 84% and an EFS of 74%.22 These results have
considerably improved over time, since the last update of the
EWOG-MDS group reported an OS probability of 94% and an
EFS probability of 88% in 172 patients with RCC.% In view of the
negligible risk of disease recurrence, there is no benefit for
patients to develop even limited-severity GVHD; therefore, BM
should be the preferred stem cell source combined with an
effective GVHD prophylaxis. We also recommend that patients
with RCC and normal or hypercellular BM, monosomy 7, or
complex karyotype be offered a fully myeloablative preparation
(Figure 2). Results of unrelated cord blood transplantation in
pediatric patients with different MDS variants (including RCC)
have recently been reported to be inferior to results when using
either BM or PB as a source for stem cells.?* Thus, this type of
allograft can be recommended only for those patients who lack a
matched related or unrelated donor.

In the absence of a suitable donor, IST with ATLG and cyclo-

sporine A may be a therapeutic option in patients with hypo-
cellular RCC and the absence of poor-risk karyotype (Figure 2).
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Figure 2. Treatment algorithm in RCC. IST, immunosuppressive therapy; MSD, matched sibling donor; MUD, matched unrelated donor; RBC, red blood cell; RIC, reduced

intensity conditioning.

The rationale this treatment is based on comes from the ob-
servation that BM failure can, at least in part, be mediated by
T-cell immunosuppression of hematopoiesis and that there is an
overlap in pathophysiology of AA and RCC.2>% |n an initial
report, IST resulted in a 6-month complete or partial response in
about 75% of 31 patients with RCC.?” However, the failure-free
survival rate was only 57%.%” Similar to reports in patients with
AA,?8 the results are better when patients are given horse ATLG
(lymphoglobulin) compared with rabbit antithymocyte globulin
(response at 6 months, 74% vs 53%; P = .04)."* The inferior
response in the rabbit ATLG group resulted in lower 4-year
transplantation-free (46% vs 69%; P = .003) and failure-free (48%
vs 58%; P = .04) survival rates in this group compared with those
in the horse ATLG group.™ It remains to be tested whether the
addition of eltrombopag to IST will be of benefit for patients with
RCC, as was recently shown in patients with SAA.?? In contrast to
patients who receive HSCT, children with RCC who receive IST
remain at risk for relapse and clonal evolution, the risk of the
latter complication being low if an accurate diagnostic work-up
has been performed.?

Case 2

A 14-year-old girl was admitted to the hospital for moderate-
grade fever that had persisted for the previous 15 days. The
hematology laboratory test showed reduced PLT count
(52 X 10°/L) and slightly increased white blood cell (WBC) count
(12.3 X 107/L), with 2% blasts in the differential and abnormal
hemoglobin level (7.2 g/dL). BM aspirate showed 18% blast in-
filtrate, with dysplastic changes mainly involving the megakaryocytic
and erythroid series. Cytogenetic examination of 21 metaphases
exhibited monosomy 7. Screening for recurrent aberrations
occurring in AML was negative. A BM aspirate repeated 2 weeks
later gave the same results. In view of these findings, the patient
was diagnosed with MDS with excess of blasts (MDS-EB). Because
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an HLA-identical sibling was not available, a search for a suitable
HLA-matched UD was started, which led to the identification
6 weeks later of a volunteer identical at the HLA-A, -B, -C, -DRB1,
and -DQB1 loci using high-resolution molecular typing. The pa-
tient received a transplantation after a fully myeloablative con-
ditioning regimen consisting of busulfan, cyclophosphamide, and
melphalan as recommended by the EWOG-MDS group. Fourteen
months after HSCT, this patient is alive and in complete remission
of her disease.

Advanced MDS in childhood

MDS with =2% blasts in PB or =5% but <20% blasts in the BM is
classified as MDS-EB in the most recent WHO classification of
myeloid neoplasms.®® The variant MDS-EB in transformation
(MDS-EB-t) is retained in the pediatric classification of MDS'
and is characterized by a PB or BM blast percentage between
20% and 29%. However, it must be emphasized that the blast
percentage in a single specimen is in itself not sufficient for
differentiating MDS-EB or MDS-EB-t from AML. Exclusion of
AML-specific or recurrent translocations, detection of cytoge-
netic anomalies such as monosomy 7 (more typical of MDS than
of AML), and the absence of both organomegaly and rapid
progression of the disease can help correctly diagnose ad-
vanced MDS.53"

Treatment of patients with MDS-EB with or without signs of trans-
formation and of AML that evolves from MDS (ie, myelodysplasia-
related AML [MDR-AML]) remains a major challenge. Therapy for
these disorders has been associated with intensive treatment—
related toxicities and a high risk of relapse; in particular, conven-
tional AML-type chemotherapy without HSCT resulted in survival
rates <30%.%2% In contrast, it has been shown that a large pro-
portion of children with advanced MDS can be successfully treated
with HSCT,34% although data are scarce on the outcomes of these
children, and previously published reports often included only a
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limited number of patients who received transplants after het-
erogeneous regimens. In the largest cohort of children with ad-
vanced MDS reported so far, we demonstrated that the 5-year OS
probability was 63%, with TRM and disease recurrence contrib-
uting equally to treatment failure.® In that study, all patients re-
ceived the same fully myeloablative regimen consisting of the
combination of busulfan, cyclophosphamide, and melphalan. Age
older than 12 years at HSCT, interval between diagnosis and
HSCT longer than 4 months, and occurrence of acute or chronic
extensive GVHD were associated with increased TRM, whereas
the risk of relapse increased with more advanced disease.®
Outcomes for children with MDS-EB and MDS-EB-t were com-
parable, whereas patients with MDR-AML have an increased risk
of relapse. This observation underlines the need to repeat the BM
aspirate in patients with MDS-EB or MDS-EB-t to detect any
progression of the disease in a timely manner. A more recent
update of the EWOG-MDS data in patients with advanced MDS
who were given HSCT after myeloablative conditioning regimen
including busulfan, cyclophosphamide and melphalan, shows a
decrease in TRM, particularly in the adolescent subgroup. The
update also shows that the outcome for patients who received a
transplant from either an HLA-identical sibling or a UD matched
for 9/10 or 10/10 HLA-loci by using high-resolution typing is
superimposable (Figure 3). In children with advanced MDS, the
presence of structurally complex karyotype was found to be
strongly associated with poor prognosis.®”

One of the most controversial issues in the treatment of children
with advanced MDS is the impact of intensive chemotherapy
before HSCT. In our original study,3 the use of intensive che-
motherapy before the allograft did not improve OS or EFS,
because no difference in either relapse incidence or TRM was
detected in patients who did or did not receive intensive che-
motherapy before HSCT. When the analysis was restricted to
children with MDR-AML, there was a significantly decreased risk
of relapse in the intensive chemotherapy group that resulted in a
nonsignificant advantage in terms of EFS.3¢ However, the use of
intensive chemotherapy was not tested in a systematic way, and
therefore, the results must be interpreted with caution. Although
the role of intensive chemotherapy before HSCT for patients
with advanced MDS remains a matter of debate, we suggest
that intensive chemotherapy cannot be routinely recommended
for children with MDS-EB, but 1 cycle of cytoreductive chemo-
therapy should be considered for children with MDR-AML with the
aim of reducing the pretransplant blast count. AML-like chemo-
therapy might also be indicated in patients with =20% BM
blasts to reduce the risk of relapse. There is a paucity of data to
inform the best type of intensive chemotherapy to be utilized.

Case 3

A 13-year-old boy with congenital deafness was observed in
another hospital for moderate trilinear cytopenia (WBC count
was 3.3 X 107/L, PLT countwas 92 X 10%/L, and hemoglobin was
10.4 g/dL). The child was admitted to the emergency de-
partment of our hospital for high-grade fever and pneumonia.
When we were asked to consult, we noted marked bilateral
lymphedema of the legs. Immunologic investigations documented
marked B-cell lymphopenia and monocytopenia. A BM aspirate
showed hypocellularity with 3% blasts, and cytogenetic analysis of
marrow cells documented trisomy 8 in the 28 metaphases ana-
lyzed. We suggested a diagnosis of RCC with germ line GATA2
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mutation; Sanger sequencing documented the presence of a
missense mutation in exon 6 of the GATA2 gene. The con-
stitutional nature of the mutation, absent in both parents, was
demonstrated. Because the patient was an only child, we started
the search for a suitable UD.

A complex interplay exists between IBMFS and
other genetic predisposing conditions and

development of childhood MDS

Outside the well-known setting of MDS evolving from IBMF
disorders and heterozygous germ line RUNX1 and CEBPA mu-
tation causing familial MDS/AML,34¢ [ittle information was avail-
able until a few years ago regarding the contribution of hereditary
predisposition to the etiology of primary MDS. Recent years
have witnessed an increased awareness of non-syndromic familial
MDS/AML predisposition syndromes, such as those caused by
mutations in GATA2, ETVé, SRP72, SAMD®9, and SAMDSL 3447-52
Notably, the discovery that these mutations predispose children to
MDS/AML has led to these syndromes being considered as a
separate category in the revised 2016 WHO classification of
myeloid neoplasms.=°

GATAZ2 germ line mutations leading to haploinsufficiency have
been identified as being responsible for a wide spectrum of
diseases, including monocytopenia, B-cell lymphopenia, natural
killer cell deficiency, congenital deafness, lymphedema
(MonoMAC or Emberger syndrome), or cytopenia complicated
by systemic infections and an increased risk of developing MDS
or AML.>335¢ Patients with GATA2-related disease present early
in life with symptoms that affect the hematopoietic, immune, and
lymphatic systems and that are complicated by systemic infec-
tions; later in life, these patients have a high risk of developing
MDS/AML. Recently, our cooperative EWOG-MDS consortium
screened >600 cases of primary or secondary MDS in children
and adolescents for the presence of germ line GATA2 muta-
tions.5” We showed that the incidence of GATA2 mutations was
significantly higher in patients with advanced MDS (15% [13 of
85]) compared with children affected by low-grade MDS (4% [15
of 341]) (P < .01).%” We also documented that 70% of patients
with GATA2 mutations had monosomy 7 compared with only
11% without (P < .01); no mutations were recorded in patients
with MDS that evolved from AA or with treatment-related MDS
(t-MDS). This latter finding suggests that this gene does not play
a relevant role in conferring a risk of developing this severe
complication related to childhood cancer treatment. It is also
noteworthy that patients with GATA2 mutations were older at
diagnosis compared with those who did not carry this genetic
aberration (median age, 12.3 vs 10.3 years; P < .01); no child
with GATA2 mutation was diagnosed before age 4 years.>” In
view of these findings, we propose that GATAZ2 analysis be
included in the workup of all children older than age 4 years and
young adults presenting with MDS and monosomy 7. GATA2
mutations do not confer poor prognosis in childhood MDS.
However, the high risk for progression to advanced disease
should guide decision-making toward timely HSCT, thus
avoiding IST. ASXL1 lesions have been reported to recur in one-
third of patients with germ line GATAZ lesions, and additional
acquired mutations like this can contribute to progression to-
ward more advanced phenotypes.®®*? In addition to clinical
indications for an allograft related to the occurrence of severe or
life-threatening infections (some occurring in patients with GATA2
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Figure 3. Outcome of patients with advanced MDS given allogeneic HSCT.
Probability of EFS according to the type of donor (HLA-identical sibling, 10/10 allelic
matched and 9/10 allelic matched unrelated volunteer) used in patients with MDS-EB
given an allograft after a myeloablative conditioning regimen that included busulfan,
cyclophosphamide, and melphalan. Data from the EWOG-MDS registry. E, events
observed; N, number of patients at risk; n.s., not significant.

mutations), the question of timing of preempitive transplantation is
still open. We suggest that the ideal time for HSCT in GATA2-
related MDS is during the hypocellular phase of the disease, that
is, before severe complications (e, invasive infections) manifest
and before progression to advanced MDS. Although we showed
that in a majority of patients, GATA2 deficiency occurred spo-
radically without preexisting family history of MDS or other
GATA2-related symptoms,®” we recommend that potential family
donors be tested for GATA2 abnormalities before donating stem
cells. Interestingly, increased risk of graft failure and relapse have
been reported in 14 patients with GATAZ deficiency who used a
nonmyeloablative regimen®®; this finding suggests that condi-
tioning therapy that can achieve more consistent engraftment and
eradication of the malignant myeloid clones should be preferred.

Case 4

A 5-year-old girl was initially diagnosed with abdominal stage IV
(due to marrow involvement) Burkitt lymphoma. She was treated
with 6 courses of chemotherapy that included cyclophospha-
mide and etoposide combined with the anti-CD20 monoclonal
antibody rituximab. The patient achieved complete remission
and was observed in the outpatient unit after she discontinued
treatment. At the 6-month control visit, a decline in the PLT count
(63 X 10%/L) was observed. The child was then retested 2 weeks
later, and worsening of thrombocytopenia, together with the
appearance of neutropenia (0.9 X 107/L), was found. We decided
to perform a BM aspirate, which showed trilinear dysplasia with
12% blasts. Cytogenetic investigations documented a complex
karyotype with 3 aberrations, 1 of which involved chromosome
11923. A diagnosis of therapy-related MDS-EB was then con-
firmed. Family HLA typing showed that a sister was HLA-
compatible with the patient, so HSCT was then performed. The
conditioning regimen consisted of busulfan, cyclophosphamide,
and melphalan. The patient developed grade 3 acute GVHD
involving skin and liver that resolved after treatment with steroids
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and extra-corporeal photochemotherapy. Immunosuppressive
therapy was tapered around day 100 after HSCT. Nine months
after HSCT, she developed thrombocytopenia; a BM aspirate was
performed that showed 10% blasts with the cytogenetic aber-
ration that had been detected before the HSCT. Three months
later, the patient died as a result of disease progression.

Epidemiology and clinical features

In the 2016 WHO classification,*® t-MDS and therapy-related
AML (t-AML) are included in the group of therapy-related my-
eloid neoplasms that occur after exposure to chemotherapy
and/or radiation therapy for treatment of a previous unrelated
malignancy. Median age at diagnosis of a therapy-related my-
eloid neoplasm is about 60 years; however, it can occur at any
age and is one of the most devastating late complications after
treatment of childhood malignancies.®’% The cumulative in-
cidence of t-MDS and t-AML ranges from 5% to 11% for children
treated with standard solid-tumor protocols, including high-
dose alkylating agents and topoisomerase Il inhibitors®*¢¢ and
from <1% to 5% for patients treated for acute lymphoblastic
leukemia.®'¢7¢8 The interval from first malignancy to the di-
agnosis of t-MDS or t-AML is highly variable and may range from
several months to many years.®® In adults, 2 distinct patterns
have been described: (1) t-MDS or t-AML after treatment with
alkylating agents and/or radiotherapy that usually occurs after a
latency period of 4 to 7 years and is frequently associated with
aberrations of chromosome 5 and 7 and (2) t-MDS or t-AML after
topoisomerase Il inhibitor therapy, usually occurring after a
shorter latency period and frequently associated with aberra-
tions involving MLL.¢? Furthermore, these aberrations are fre-
quently part of a complex karyotype.?”4? NGS studies revealed
that up to 30% of adult patients with t-MDS or t-AML carry
somatic mutations in TP53.7%7" The early acquisition of TP53
mutations in the founding malignant clone probably contributes
to the frequent cytogenetic abnormalities and poor responses to
chemotherapy that are typical of patients with t-AML or t-MDS.”"

Recently, Churpek et al’? investigated the presence of germ line
mutations that predispose to malignancy in women who de-
veloped t-MDS or t-AML after therapy for breast cancer and
identified a cancer predisposition in 21% of patients. This
observation indicates the need to consider germ line pre-
disposition syndromes in patients with t-MDS or t-AML.

Treatment approaches

The treatment of patients with t-MDS or t-AML is challenging,
and treatment options are limited. Allo-HSCT offers the highest
probability of survival, whereas the use of conventional che-
motherapy alone has resulted in a high rate of induction failure
associated with dismal outcome.”®”> Large series that include
pediatric and adult patients with t-MDS or t-AML who received
allogeneic HSCT have been reported by the Center for In-
ternational Blood and Marrow Transplant Research (CIBMTR)
and the European Society for Blood and Marrow Transplantation
(EBMT).”¢77 The OS probability was comparable in both groups
(~35%). Pediatric single-center studies that included a limited
number of patients with t-MDS or t-AML who were treated over
a long period reported an OS probability ranging between
13% and 20%.7>7877 Interestingly, Kobos et al®® reported the results
of 21 patients who received a transplant over a 15-year period
at their institution. The majority of patients (14 of 21) received a
cytarabine-based induction before HSCT, and 13 patients reached
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either complete remission or <5% BM blasts with persistent
cytogenetic aberrations. Most patients received conditioning
with a busulfan-containing preparative regimen and received
a T-cell-depleted allograft. The 5-year OS probability was 61%,
and although the analysis had the intrinsic limitations related to
the retrospective nature of the study and the long recruitment
period, the authors hypothesized that the combination of the
cytarabine-based induction with the T-cell-depleted graft may
have contributed to the patients’ good outcome which reduced
the risk of non-relapse mortality. These encouraging results
contrast with those obtained in the series reported by Maher
et al®' that included 32 patients with t-MDS or t-AML, of whom
26 received induction chemotherapy with a high rate of non-
response (11 of 26). The 5-year OS probability was 36%; patients
who achieved complete remission after the first cycle of che-
motherapy and patients with MDS without an increase in blasts
had a better OS probability compared with patients who
achieved remission after multiple therapies or after receiving a
transplant in nonremission. However, the only factor associated
with better OS in multivariable analysis was a shorter interval
from diagnosis of t-MDS or t-AML to HSCT. This observation
corroborates our recommendation that patients with t-MDS or
t-AML should proceed to HSCT as soon as possible. We do not
recommend T-cell depletion of the graft if the donor is immu-
nogenetically compatible with the recipient. But in patients who
lack an HLA-identical donor, transplantation from an HLA-
disparate donor after innovative approaches of graft manipu-
lation (such as those based on negative depletion of a T cells)
can be a suitable alternative.®? Even though the role of intensive
chemotherapy before the allograft remains unclear in this set-
ting, the results of HSCT in primary advanced childhood MDS
indicate that the benefit derived from induction chemotherapy,
if any, is limited to patients with >20% BM blasts.>* Disease
recurrence after transplantation is the main result of treatment
failure, and the prognosis for patients who relapse is dismal.
Successful withdrawal of immunosuppressive therapy and donor
leukocyte infusions in early relapse have occasionally been re-
ported.®® Close monitoring of chimerism status after HSCT may
allow initiation of immunotherapy before overt hematologic
recurrence, which potentially translates to a better probability of

rescuing patients.®* HSCT can be an option for relapsing pa-
tients, although it is associated with a limited chance of success.

In conclusion, significant differences in MDS between children
and adults are evident for morphology, cytogenetics, and
therapy approaches (Table 1). The somatic mutation landscape
also differs between children and adults with myelodysplasia.
With the increased use of specific molecular tests and of NGS in
clinical practice, more children diagnosed with MDS will be
found to have a genetic predisposition syndrome. This will affect
genetic counseling for patients and their families; therapeutic
decision-making for patients, including HSCT considerations
such as indication for and timing of the procedure; the choice of
the donor to be used; and optimal graft manipulation in case of a
non-HLA-compatible donor. However, careful interpretation of
any identified gene mutation will certainly be the great chal-
lenge of pediatric hematologists for the next several years.
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Juvenile myelomonocytic leukemia (JMML)
is a unique, aggressive hematopoietic dis-
order of infancy/early childhood caused
by excessive proliferation of cells of mono-
cytic and granulocytic lineages. Approxi-
mately 90% of patients carry either somatic
or germline mutations of PTPN-11, K-RAS,
N-RAS, CBL, or NF1 in their leukemic
cells. These genetic aberrations are
largely mutually exclusive and activate
the Ras/mitogen-activated protein kinase
pathway. Allogeneic hematopoietic stem

cell transplantation (HSCT) remains the
therapy of choice for most patients with
JMML, curing more than 50% of affected
children. We recommend that this option
be promptly offered to any child with
PTPN-11-, K-RAS-, or NF1-mutated JMML
and to the majority of those with N-RAS
mutations. Because children with CBL
mutations and few of those with N-RAS
mutations may have spontaneous resolu-
tion of hematologic abnormalities, the de-
cision to proceed to transplantation in

these patients must be weighed carefully.
Disease recurrence remains the main cause
of treatment failure after HSCT. A second
allograft is recommended if overt JMML
relapse occurs after transplantation. Re-
cently, azacytidine, a hypomethylating
agent, was reported to induce hematologic/
molecular remissions in some children
with JMML, and its role in both reducing
leukemia burden before HSCT and in
nontransplant settings requires further
studies. (Blood. 2015;125(7):1083-1090)

Clinical case

A 26-month-old boy was referred to the Pediatric Department because
of fever, lymphadenopathy, facial skin rash, abdominal distention,
bruising, and pallor. The spleen and liver were palpable 5 and 3 cm
below the costal margin, respectively. Complete blood cell count
showed leukocytosis (58 X 109/L), thrombocytopenia (29 X 109/L),
anemia (7 g/dL), and striking monocytosis (3.95 X 10°/L); dysplastic
monocytes were observed on peripheral blood smear evaluation. The
bone marrow (BM) aspirate revealed hypercellular marrow, with 7%
blast cells. No ber/abl fusion transcript was found and karyotype
on BM cells was 46,XY. A diagnosis of juvenile myelomonocytic
leukemia (JMML) was suspected and then confirmed by detection of
a somatic N-RAS mutation. Because no family HLA-identical donor
was available, a search for either a suitable unrelated volunteer or
suitable cord blood (CB) unit was started. A 5/6 HLA-matched CB unit
was located, and 3 months after diagnosis the patient received umbili-
cal CB transplantation (UCBT) after a busulfan-based myeloablative
regimen. After initial detection of complete donor chimerism, mixed
chimerism with 10% recipient cells was documented on day +51
during tapering of cyclosporine (Cs-A), which had been administered
for graft-versus-host disease (GVHD) prophylaxis. CsA was immedi-
ately discontinued, and 10 days later the child developed grade II
acute GVHD, which resolved with steroid therapy. Complete donor
chimerism was detected from day +90 after UCBT, and 3 years after
transplantation the child remains disease free.

This case illustrates some of the typical diagnostic/therapeutic
features related to this rare myeloproliferative disease of early
childhood. Indeed, JIMML is characterized by overproduction of
monocytic and granulocytic cells that infiltrate different organs,
including the spleen, liver, lung, and gastrointestinal tract, where
diarrhea—sometimes with bloody features—may occur.'™ Affected
children usually have pallor, fever, and skin bleeding, which result

from anemia, leukocytosis, and thrombocytopenia. In contrast to
Philadelphia-positive chronic myeloid leukemia, the white blood
(WBC) count rarely exceeds 100 X 10°/L, the median value
reported in a large cohort of patients being 33 X 10°/L (range
5-259 X 10°/L).> A WBC <10 X 10°/L at diagnosis is sometimes
noted, particularly in children with monosomy 7.2

Morphologic evaluation of peripheral blood smear is the most
important step in establishing the diagnosis. Immature monocytes,
along with myelocytes, metamyelocytes, and erythroblasts, are
usually found."*>® Almost all cases show striking monocytosis,
with dysplastic cells; an absolute monocyte count >1 X 10°/L is
required for diagnosis of IMML.*>7® A remarkable feature of many
JMML cases with normal karyotype is a markedly increased synthesis
of fetal hemoglobin (HbF).” BM findings in JMML are not solely
diagnostic, but are rather consistent with the diagnosis. BM aspirate
shows hypercellularity with predominance of granulocytic cells at all
stages of maturation, although sometimes erythroid series predom-
inates: blast percentage is moderately elevated but never reaches the
level seen in acute leukemia.

Chromosomal studies of leukemic cells show monosomy 7 in
approximately 25% of patients with JMML, other abnormalities being
found in another 10% of children; however, the majority of cases
(65%) have a normal karyotype.>>>'° The frequency of monosomy 7
among the genetic subtypes varies, being in our experience more
frequently detected in children with K-RAS anomalies.

JMML may have an incidence of as much as 1.2 per million children
per year, accounting for 2% to 3% of all childhood hematologic
malignancies.'' Median age at presentation is 2 years (range 0.1-11.4)
and males are more frequently affected (male:female ratio 2-3:1).
To account for both the myelodysplastic and proliferative features
noted in JIMML, the World Health Organization (WHO) classification
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placed the entity in the group of myelodysplastic/myeloproliferative
disorders.'? Diagnosing children with JMML is sometimes challeng-
ing,"® because the clinical picture of JMML can be mimicked by
a number of human herpesvirus infections,'* leukocyte-adhesion
deficiency, infantile malignant osteopetrosis, hemophagocytic lym-
phohistiocytosis, and Wiskott-Aldrich syndrome.>! The recent dis-
covery that approximately 90% of children with JMML have either
somatic or germline mutations in genes involved in the RAS signaling
pathway (discussed later), in addition to greatly improving our
understanding of the molecular pathogenesis of this disorder, has
enormously facilitated diagnosis by allowing mutational analyses.
Thus it is not surprising that the criteria initially proposed and used
for many years for diagnosing JMML?® have been revised over
time.*>” The most recent criteria by which oncogenetic features
largely predominate and that we currently use to diagnose children
with JMML are reported in Table 1.

Pathophysiology and genetics of JMML

Hypersensitivity of JMML myeloid progenitor cells to granulocyte-
macrophage colony-stimulating factor (GM-CSF) and pathologic
activation of the RAS-RAF-MAPK (mitogen-activated protein
kinase) signaling pathway play an important role in disease
pathophysiology.'®'” Indeed, GM-CSF hypersensitivity of monocyte/
macrophage colonies is a hallmark of the disease, and for many years
represented an important diagnostic tool.'®'? This peculiar GM-CSF
hypersensitivity can still be used as a diagnostic criterion for JMML
for those few patients without a detectable known molecular lesion
(Table 1). However, GM-CSF hypersensitivity has been reported also
to be induced by HHV-6>" and cytomegalovirus infections,>' and the
assay is not standardized among laboratories. Recently, hyperphos-
phorylation of STATS in response to GM-CSF documented through
phosphospecific flow cytometry in either CD33*/CD34" or CD33*
CD147CD38"™Y cells has been found in a proportion of patients with
JMML,?*?? and thus could also be helpful in supporting the diagnosis
of children without any detectable molecular lesion (Table 1).

As was already mentioned, major progress in understanding the
pathogenesis of JMML has been achieved in the last 2 decades by
mapping out the underlying genetic lesions.*'®'®>* This molecular
characterization was certainly facilitated or even promoted by the
discovery of a group of genetic syndromes resulting from germline
mutations in genes of the RAS/MAPK pathways. These mutations
induce the activation of the pathway, and thus these disorders,
collectively grouped as “neuro-cardio-facio cutaneous syndromes
(NCFCS)” or “RASopathies,” share common clinical features,
including a propensity to develop malignancies, among which
myeloproliferative disorders are relevant.”>**® Neurofibromatosis
type 1 (NF-1) and Noonan syndrome (NS), caused by mutations of
NF1I in the former and of PTPN-11 in half of the cases in the latter,
are the most frequent and known.”>*’ A transient myeloproliferative
disorder (TMD) is diagnosed in a proportion of NS children in the
neonatal period/early infancy. In contrast to JMML, NS/MPD
generally resolves spontaneously over months; thus a “watch and
wait” strategy is appropriate for these children.** These infants with
NS very often also have cardiac anomalies, and life-threatening or
even fatal complications at least in part caused by leukocytosis and
tissue invasion by monocytes and immature granulocytes may develop
in a certain proportion of them. We recommend that this subset
of NS patients be treated with mild cytoreductive therapy, such as
6-mercaptopurine. Moreover, because some cases of NS/MPD acquire
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Table 1. Updated clinical and laboratory diagnostic criteria of JMML

I. Clinical and hematologic features (all 4 features mandatory)
o Peripheral blood monocyte count >1 X 10%/L
» Blast percentage in peripheral blood and bone marrow <20%
¢ Splenomegaly
e Absence of Philadelphia chromosome (BCR/ABL rearrangement)
Il. Oncogenetic studies (1 finding is sufficient)
e Somatic mutation in PTPN11* or K-RAS* or N-RAS*t
« Clinical diagnosis of NF-1 or germline NF1 mutation
e Germline CBL mutation and loss of heterozygosity of CBLt
lll. Only for those patients (10% of the whole number) without any oncogenetic
parameter, besides the clinical and hematologic features listed under |, at
least 2 of the following criteria have to be fulfilled:
e Monosomy 7 or any other chromosomal abnormality
* HbF increased for age
* Myeloid precursors on peripheral blood smear
e Spontaneous growth or GM-CSF hypersensitivity in colony assay
* Hyperphosphorylation of STAT5

*Germline mutations (indicating Noonan syndrome) need to be excluded.

Diagnosis of JMML but spontaneous regression of myeloproliferation may be
noted in:

tFew patients with N-RAS mutation and normal HbF.

fPatients with CBL germline mutation and loss of heterozygosity.

cytogenetic abnormalities and progress to classically aggressive
JMML, we recommend also that these patients be followed closely
to timely diagnose and treat possible evolution.

The spectrum of mutations described thus far in JMML occurs
in genes all encoding proteins that signal through the RAS-RAF-
MAPK pathways.'® These genes include NF1, N-RAS, K-RAS,
PTPN-11, and, as most recently demonstrated, CBL.'*'%2% Al-
though largely mutually exclusive, mutations in NFI, PTPN-11,
K-RAS, N-RAS, and CBL are detected in 90% of patients with
JMML.'®** Specifically, ~35% of patients with JMML carry
somatic mutations in PTPN-11,%°° 20% to 25% carry aberrations
in N-RAS or K-RAS,>'** and 11% of patients with IMML were
diagnosed with clinical NF-1.>** Because heterozygous point
mutations noted in PTPN-11 and RAS may arise at a somatic or
germline level, we recommend that genetic screening in leukemic
cells be followed by studies in nonhematopoietic tissue, such as
fibroblasts, cells attached to nails, or hair bulbs. The reason for this
recommendation lies on the observation that, besides those with
NS and germline PTPN-1] mutations, the rare children carrying
germline N-RAS and K-RAS mutations and presenting myelopro-
liferation generally show amelioration with time and thus do not
require HSCT (Table 2).%

Patients carrying the CBL mutation (found in as much as 15% of
all cases) deserve a particular mention, because they display several
congenital anomalies that overlap with those observed in NF-1, NS,
and Legius syndrome.m‘%ﬁ7 These children have germline CBL
mutations and JMML develops because they are at increased risk
of developing loss of heterozygosity (LOH) for the CBL locus in
hematopoietic stem/progenitor cells. Indeed, all children with JMML
and CBL mutations were found to have a germline CBL missense
mutation on 1 allele and acquired LOH on the other allele in leukemic
cells. The resulting myeloproliferative disorder is often self-resolving,
although these children may have an aggressive clinical course
(Figure 1).28’36’38’39 Some children with germline CBL mutations
and JMML had vasculitis later in life. Similarly, mice that lacked Cbl
had severe vascular lesions with massive infiltration of T cells and high
concentrations of anti-double-stranded DNA antibodies.*’

Although mutations in NF1, PTPN-11, K-RAS, N-RAS, and CBL
represent the most prominent genetic feature of JMML known thus

G20z JaquianoN 6z uo 3sanb Aq pd-€801/6..88€1/€801/L/5Z 1 Hpd-8olle/poO|q/B10"suonealigndysey/:dpy woly papeojumog



BLOOD, 12 FEBRUARY 2015 - VOLUME 125, NUMBER 7

Table 2. Indication for HSCT in genetic subgroups of JMML
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PTPN11 K-RAS

N-RAS NF1 CBL

Germline mutations Noonan syndrome Noonan syndrome

Noonan syndrome

Neurofibromatosis type 1 CBL syndrome “watch and wait”

(£ LOH) “watch and wait” “watch and wait” “watch and wait” HSCT HSCT if disease
(mild chemotherapy) (mild chemotherapy) (mild chemotherapy) progression occurs
Somatic mutations HSCT HSCT HSCT for most — —

LOH, loss of heterozygosity; HSCT, hematopoietic stem cell transplantation.

far, it is still unclear how they determine treatment resistance.
Alterations of genes, such as JAK2, TET2, RUNXI, and ASXLI, seen
in other myeloproliferative disorders of adulthood, are rare.>”*!?
Recently, through an exome-sequencing approach, it was confirmed
that JMML is characterized by a paucity of gene mutations.
Secondary mutations of SETBPI and JAK3 were the most frequent
mutations, detected in around 15% of children.*® These mutations
of SETBPI and JAK3 were presumed to be involved in tumor
progression and were associated with poor clinical outcomes.*
Recently, a study based on the use of droplet digital polymerase
chain reaction (ddPCR) identified SETBPI mutations in 17 of
56 (30%) children with JMML.** Also in this study, SETBPI
mutations were associated with a dismal prognosis.

Should all children with JMML be immediately
offered allogeneic HSCT?

In the vast majority of cases, JMML is an aggressive and fatal
disorder if left untreated; the median survival time of children who
do not receive an allograft can be as short as 10 to 12 months.”
Blastic transformation is infrequent in JMML, and most untreated
patients succumb to respiratory failure as a result of pulmonary
infiltration of leukemic cells. Clinical risk assessment in JMML
includes age at diagnosis, platelet count, and percentage of HbF
adjusted for patient age as main prognostic variables.>® In particular,
in a large cohort of patients with JMML, age >2 years at diagnosis,
platelet count <33 X IOQ/L, and levels of HbF =10% were the main
predictors of short survival.>® British investigators devised a scoring
system, where HbF =10% and platelet count =33 X 10%/L negatively
affect prognosis.®

Recent studies have highlighted the importance of epigenetic
aberrations (aberrant DNA methylation) in J MML.*6 In particular,
we investigated the association of CpG island hypermethylation in
JMML leukemic cells with known clinical risk factors.*> There was a
strong association between CpG island hypermethylation and older
age, elevated HbF at diagnosis, and a particularly dismal outcome.
PTPN-11-positive cases were overrepresented in the hypermethy-
lated group, whereas all CBL-mutant cases belonged to the group
with absent or low hypermethylation.*> A more recent study also
documented that methylation of the RASA4 isoform—2 promoter
correlated with clinical parameters predicting poor prognosis (older
age, elevated fetal hemoglobin), with PTPN-1] mutation, and higher
risk of relapse after HSCT.*®

Allogeneic HSCT is the firmly established curative approach for
most children with JMML, resulting in long-term survival in many
patients*’-%; thus, we recommend swift HSCT for all children with
JMML and NF-1, somatic PTPN-11 mutations, and K-RAS mutations,
and for the vast majority of children with somatic N-RAS mutations
(Figure 1 and Table 2). As was already mentioned, children with
germline CBL mutations and JMML often have spontaneous regression
of their myeloproliferation despite the persistence of LOH of CBL

in hematopoietic cells. In particular, an international study on CBL
germline mutation reported that of the 6 patients with JMML and
CBL mutation who did not receive HSCT, 4 were alive without
evidence of IMML 7.5 to 18 years from diagnosis.?® Considering the
23 children with CBL-mutated JMML now registered into the
European Working Group of MDS in Childhood (EWOG-MDS)
database, the probability of survival was the same for children who
did (12 children) and those who did not (11 children) receive HSCT,
because 3 children in each group died. We therefore recommend
that children with JMML and CBL germline mutations be followed
closely and not be offered HSCT immediately after diagnosis.
Transplantation must be considered, however, if chromosomal
aberrations occur or if disease progresses (Figure 1). Intriguingly, in
children with CBL mutation transplanted before the identification of
this molecular lesion as responsible for the disease, a high rate of
stable mixed chimerism was observed. None of these children with
mixed chimerism is currently known to have vasculitis; whether
HSCT can be useful to prevent vascular complications remains to
be definitively proved.

In a small number of infants with RAS alterations, long-term
survival in the absence of HSCT has been observed.”>>* In a genotype-
phenotype correlation study, Matsuda et al suggested a mild clinical
course for the G12S substitution in N-RAS or K-RAS protein.>
Although data from EWOG-MDS confirmed that sporadic patients
with RAS-mutated JMML may enjoy long-term survival without inter-
vention, they did not support an overrepresentation of a specific mu-
tational RAS type in cases with this less aggressive course.” In our
experience, children with RAS-mutated JMML who survived without
transplantation had normal HbF and high platelet count.>® Thus, so far,
in the absence of robust biological markers that are able to predict
spontaneous resolution of JMML, we advise that these simple hemato-
logic parameters be used to identify those few children with RAS-
mutated JMML in whom a “watch and wait” strategy can be adopted
(Figure 1).

Results obtained with HSCT in JMML and
factors influencing outcome

The outcome of patients with JMML given HSCT has progressively
improved over time. In the study including the largest number of
patients with JMML given allogeneic HSCT, either from a histocom-
patible relative or from an HLA-matched/1-antigen-disparate unrelated
donor (UD), the probability of disease-free survival (DFS) was 52%
(95% confidence interval [CI] 42-62).*® Disease recurrence was the
most important cause of treatment failure, occurring with a cumulative
incidence of 35% (95% CI 27-46).*® In multivariate analysis, age >4
years and female sex predicted poorer outcome. In a Japanese study
including 27 children with JMML, the probability of DFS was reported
to be 54% * 11%.% Although in initial reports of HSCT in JMML, the
probability of transplantation-related mortality (TRM) for children
transplanted from matched UDs/mismatched relatives was worse than
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[ Clinical signs of JIMML ]

=
[ Molecular characterization ]
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[ Confirmed diagnosis ]

(see also criteria in Table )

v
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KRAS, NRAS*, normal findings )
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HLA-identical Start search
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i

Watch and Wait
Treatment at}
physician’s
discretion

I

Consider HSCT
if disease
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Figure 1. Algorithm for treatment of children with JMML, stratified according to
somatic (N-RAS, K-RAS, PTPN-11) or germline (CBL, NF1) molecular lesions
and availability of an HLA-identical sibling. *In some patients with somatic
N-RAS mutations (ie, those with low HbF and high platelet count), long-term survival
in the absence of allogeneic HSCT has been observed. Although it is still an
experimental therapy for JMML, haploidentical HSCT is an option in the few patients
who need an urgent allograft and lack any suitable HLA-identical sibling, adult UD, or
unrelated CB unit.

that of children given the allograft from an HLA-identical/1-antigen-
disparate relative,*’> in more recent years, using an UD offers minimal
or no significant disadvantage compared with using an HLA-identical
sibling.*®!

Available data indicate that UCBT is a suitable option for children
with JMML lacking an HLA-compatible relative.’”> Two robust
arguments for considering UCBT in children with JMML are that
these patients frequently need urgent transplantation and their body
weight is low. The short time interval elapsing between start of the
search for locating an UD and identification of a suitable CB unit
renders UCBT an attractive option for patients with JMML.'> Different
studies have shown an inverse correlation between the number of
CB cells infused per kg of the recipient’s body weight and the risk
of TRM.%"%? Because >90% of children with IMML are diagnosed
before 4 years of age,” it is evident that a favorable ratio between total
nucleated cells infused and the recipient’s body weight can be obtained
in the large majority of patients. A recent retrospective analysis on
110 children with JMML given single-unit unrelated UBCT dem-
onstrated outcomes similar to that reported with different donors
or sources of hematopoietic stem cells, the 5-year Kaplan-Meier
estimate of DFS being 44% * 5%.>” Despite the relevant HLA
disparity in many of the donor/recipient pairs, the probabilities of
grades II-IV acute and chronic GVHD in UCBT were comparable with
those reported in studies using HLA-matched bone marrow/peripheral
blood cells.”” There was a trend for lower TRM in patients given
UCBT after 2003 than in those transplanted before 2003 (16% vs 29%,
respectively). Disease recurrence was the major cause of treatment
failure also in children given UCBT, the reported cumulative inci-
dence of relapse being 33%. Children transplanted from a donor with
0/1 HLA disparity were found to have better outcome compared with
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those transplanted from donors with greater disparities,>” this finding
being in keeping with previously published reports showing a clear
advantage for children transplanted using HLA-matched units.®"
Thus, we recommend that in JMML children lacking a compatible
sibling, the search for locating either an UD or a suitable CB unit be
started simultaneously (Figure 1) and that, whenever possible, units
with limited HLA disparity with the recipient be selected.”” Moreover,
because a high number of cells infused per kilogram of recipient body
weight predict a better outcome, we recommend that CB units with
at least 3-3.5 X 107 nucleated cells per kg of recipient body weight
before thawing be selected.”*%*

Although HSCT from an HLA-haploidentical relative is still
“experimental” in JMML, it can be considered for those few patients
in need of an urgent allograft who lack any suitable HLA-identical
sibling, adult UD, or unrelated CB unit (Figure 1).

The relapse rate in children with JIMML given HSCT has been
reported to be as high as 40% to 50%.*35%57 Age >4 years, as well
as a BM blast percentage >20%, has been found to be associated
with an increased risk of recurrence.*® Although 1 study reported
anegative impact of monosomy 7 on the probability of overall survival
(OS) after HSCT, other larger analyses documented that neither
monosomy 7 nor other cytogenetic abnormalities confer a poorer
prognosis.**>7 Recently, Bresolin et al reported that gene expression
signatures could segregate JMML patients into those who displayed
an acute myeloid leukemia—type signature vs those who did not.%®
In multivariate analysis, children who displayed an acute myeloid
leukemia—type signature had an increased risk of recurrence after
HSCT. High methylation of CpG islands in some genes of children
with JMML has also been recently reported to predict an increased risk
of recurrence after HSCT.* Some subjects showed a more hyper-
methylated phenotype at time of relapse when compared with their
methylation status at diagnosis.*’

The existence of a correlation between the JMML mutational status
and outcome of patients given HSCT remains controversial. In this
respect, Yoshida and colleagues evaluated the clinical course and
laboratory findings of 49 children with JMML, 32 of whom harbored
mutations in NFI, K-RAS, N-RAS, or PTPN-11.°° In their series,
mutation of PTPN-11 was associated with older age at diagnosis (>24
months) and increased HbF (>10%) and, importantly, it appeared to
be an unfavorable prognostic factor predicting relapse after HSCT.®

How to optimize the transplant approach in
children with JMML

Preparative regimens that do not include total body irradiation (TBI)
are particularly attractive for children with JMML, because radiation-
induced late effects may be especially deleterious for very young
children.®””’® Moreover, in a retrospective EWOG-MDS analysis,
busulfan-based myeloablative therapy offered greater antileukemic
efficacy than TBL* Thus, we advise that children with JMML are
prepared for HSCT using a myeloablative regimen based on the
combination of busulfan with other cytotoxic drugs (Figure 2). The
preparative regimen used by the EWOG-MDS group includes bu-
sulfan, cyclophosphamide, and melphalan.*®” The rationale for this
choice relies on the consideration that a preparative regimen consisting
of 3 alkylating drugs that have non-cell-cycle—specific action appears
potentially capable of eradicating stem cell disorders, such as IMML,
in which a portion of clonogenic cells are dormant out of cell cycle.
Japanese investigators recently reported on the use of a preparative
regimen consisting of busulfan, fludarabine, and melphalan in an
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Figure 2. Tailoring of GVHD prophylaxis according to patient’s genetic lesions
and other risk factors influencing the relapse rate. HSCT, hematopoietic stem
cell transplantation; Bu, busulfan.

attempt to decrease TRM and reduce the risk of graft failure.*

Although the number of patients reported in this study is much
smaller than that of the EWOG-MDS group, at the time of reporting,
7 of 10 patients transplanted were alive and in remission, with a
median follow-up of 30 months. In the recent retrospective analysis
on 110 children with JMML given single-unit unrelated UBCT,
patients given either the preparative regimen recommended by
the EWOG-MDS group or another busulfan-based myeloablative
therapy had similar outcome.’” The Children’s Oncology Group
(COQG) is currently prospectively comparing the preparative regimen
including busulfan, cyclophosphamide, and melphalan vs a combi-
nation of busulfan and fludarabine, to test the hypothesis that the
latter regimen is associated with both less TRM and comparable
DEFS.

Serotherapy (such as antithymocyte globulin [ATG]) is often
included in the conditioning regimen when an UD, either of BM,
peripheral blood, or CB, is used. Despite theoretic concerns that
serotherapy may potentially reduce in vivo antileukemia alloreac-
tivity, the available evidence indicates that its use does not increase
the relapse rate of children with IMML.**-7 By contrast, ATG may
contribute to reduce the risk of fatal complications related to GVHD.
Thus, we believe that ATG should be used in children with JMML
given an UD HSCT or UCBT.

Incidence of both acute and chronic GVHD in patients with
JMML reported in different studies tend to be lower than in other
leukemic diseases,*®>7 this possibly being related to the young age of
patients with JMML, and GVHD did not represent a major cause of
TRM. In the study of children with JMML given UCBT, decreased
incidence of relapse was associated with the presence of grades II-III
acute GVHD.?” Moreover, investigators from the United States and
Japan noted better survival for children who did develop chronic
GVHD as compared with those who did not.>>*' These findings
suggest the existence of a graft-versus-leukemia (GVL) effect directed
against JMML cells with subsequent protection against relapse. Sup-
port to this hypothesis is given by the observation that withdrawal of
immunosuppressive therapy in patients with incipient relapse of
JMML can prevent the subsequent occurrence of overt relapse.”'”> In
view of these considerations, we recommend that JMML children with
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NF-1, somatic PTPN-11, or N-RAS mutations, age >4 years at time of
diagnosis or with >20% of blasts at the time of HSCT, receive low-
intensity GVHD prophylaxis with the aim of optimizing the GVL
effect (Figure 2). In the absence of acute GVHD, prophylaxis should
be discontinued between day +60 and +90 after HSCT. A remarkable
exception to this recommendation is represented by children carrying
K-RAS mutations because, in our experience, these children have
a lower relapse rate than children with other molecular abnormalities
(Figure 2).

Gross spleen enlargement is usually found in many children with
JMML. Pretransplantation splenectomy has been used in several
children with JMML,*”-7* also with the hope of promoting donor cell
engraftment and of reducing tumor burden at the time of HSCT, thus
potentially translating into a reduced risk of recurrence. However,
splenectomy before HSCT, as well as spleen size at the time of the
allograft, was not found to have any impact on posttransplantation
outcome of children with IMML.*® Thus, available data are not in
favor of indiscriminate use of splenectomy before transplantation,
the potential advantages having to be weighed against the risks
related to the procedure or to postsplenectomy infections.”” The
presence of massive splenomegaly with evidence of hypersplenism
and/or refractoriness to platelet transfusions could be arguments for
considering this procedure in selected cases.

There is no doubt that a relevant area of controversy surrounding
the care of JMML patients also concerns the role of antileukemic
therapy before transplantation. The need, or even the opportunity, for
treating JMML children with conventional chemotherapy is currently
uncertain and the comparative evaluation of different clinical protocols
has been hampered by lack of uniform criteria for response.’® To date,
no standard chemotherapy regimens used before HSCT have been
shown to have a real impact on the incidence of post-HSCT relapse.
In some patients, a decrease in leukocytosis and spleen size can be
noted with oral 6-mercaptopurine and/or low-dose cytarabine. In
children with blastic transformation or life-threatening pulmonary
infiltration, fludarabine and high-dose cytarabine may give temporary
relief. “Watchful waiting” can be considered for those few patients
with JMML who are asymptomatic. Overall, the pretransplant therapy
is still a matter of controversy, and firm recommendations cannot be
provided (Figure 1).

How we manage children with disease
recurrence after an allograft

The algorithm that we use for treating either incipient or overt
leukemia relapse in patients who are either still receiving or no longer
receiving any immune-suppressive therapy is reported in Figure 3.
Serial quantitative chimerism studies using short tandem repeat
(STR) markers have been shown to be useful for identifying JMML
patients with increasing mixed chimerism who are therefore at high
risk for relapse.”'”* In these patients, immediate withdrawal of
ongoing GVHD prophylaxis can lead to eradication of malignant
cells regrowing and/or persisting after the conditioning regimen.”"”"
However, although effective, this strategy can lead to the develop-
ment of chronic GVHD in some patients.”’ More sensitive methods
to detect reemergence and/or persistence of malignant cells, such
as those relying on disease-specific markers, may allow identification
of a smaller percentage of residual leukemic cells, potentially
increasing the chance of response to GVHD prophylaxis with-
drawal.”? For this purpose, a fluorescent-based, allele-specific
polymerase chain reaction assay for detecting the most common
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Figure 3. Algorithm for treatment of mixed chimerism and leukemia relapse
in JMML in patients either still receiving or not receiving any immune-suppressive
therapy. HSCT, hematopoietic stem cell transplantation.
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RAS or PTPN-11 mutations has recently been developed.”® Prospective
studies aimed at validating the clinical benefit deriving from this
approach are needed.

For children with JMML who have overt leukemia relapse after
allogeneic HSCT, donor lymphocyte infusion (DLI) proved to be
largely ineffective,”"”® whereas a second allograft from either the
same or a different donor, together with reduction of the intensity
of GVHD prophylaxis aimed at optimizing the GVL effect, was able
to rescue more than one-third of patients.”"””%° The biological/
immunologic reasons why JMML recurrence has limited sensitivity
to DLI remain obscure.”>”® Because a second HSCT can be an
effective salvage therapy for children with JMML who relapse
after a first grafting procedure,”"””"%" we believe that children with
JMML should not receive DLI but are to be given a second transplant
as soon as possible, especially if they have already discontinued
GVHD prophylaxis.

What we envisage to be the role of innovative
targeted drugs in JMML

So far, as already mentioned, therapies other than transplantation
have had a limited role in children with IMML’®; in addition, HSCT
has some important limitations, including lack of efficacy in patients
who relapse, TRM, and long-term sequelae. Available data indicate
that the Ras/sMAPK pathway is deregulated in JMML through not
only genetic but also epigenetic changes.***! Whether the use of
epigenetic drugs, such as 5-azacytidine (a DNA methyltransferase—
inhibiting azanucleoside assumed to reverse epigenetic dysregulation
in malignant cells), or the use of agents targeting the Ras/MAPK pathway
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before HSCT may be beneficial is currently unknown. Furlan and
colleagues reported a successful anecdotal case of azacytidine use in
a child with JMML with both K-RAS mutation and monosomy 7.5 The
clinical and hematologic response obtained with the drug was impressive;
already after the first course, a response in spleen size and monocyte count
was noted.®> After the fifth course, monosomy 7 disappeared, and the
K-RAS mutation, present at diagnosis, became undetectable after 7
courses. After the eighth course, HSCT was performed, and 5 years after
transplantation the child remains disease free. Since this case was re-
ported, we observed clinical and molecular responses to 5-azacytidine
in 3 of 9 JMML patients treated off label before transplantation
(unpublished personal data). Despite its clinical activity, 5-azacytidine is
not expected to be ultimately curative in JMML; however, it can be tested
as window therapy with the aim of effectively reducing the burden of
disease before HSCT. A phase 2 multicenter study is underway in Europe
to explore this hypothesis.

Analogous studies evaluating the hypothesis of whether MEK
inhibitors might ameliorate hematologic abnormalities in JMML
are also worthy of consideration, because MEK inhibition abrogated
the myeloproliferative disease in Nf-/- and Kras-mutant mice.3*5¢
In particular, in Kras-mutant mice, PD0325901, a highly selective phar-
macologic inhibitor of MEK, was shown to: (1) correct the aberrant
proliferation and differentiation of bone marrow progenitor cells, (2)
induce a rapid and sustained reduction in leukocyte counts, (3) enhance
erythropoiesis, and (4) prolong mouse survival.** Future clinical
studies aimed at testing whether treating children with JMML with
MEK inhibitors before HSCT might improve their clinical status
by reducing the morbidity caused by infiltration of organs with
leukemic cells are warranted.
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IMPORTANCE Down syndrome (DS), caused by an extra copy of material from
chromosome 21, is one of the most common genetic conditions. The increased risk of
acute leukemia in DS (DS-AL) has been recognized for decades, consisting of an
approximately 150-fold higher risk of acute myeloid leukemia (AML) before age 4 years,
and a 10- to 20-fold higher risk of acute lymphoblastic leukemia (ALL), compared with
children without DS.

OBSERVATIONS A recent National Institutes of Health-sponsored conference, ImpacT21,
reviewed research and clinical trials in children, adolescents, and young adults (AYAs)

with DS-AL and are presented herein, including presentation and treatment, clinical trial
design, and ethical considerations for this unique population. Between 10% to 30% of
infants with DS are diagnosed with transient abnormal myelopoiesis (TAM), which
spontaneously regresses. After a latency period of up to 4 years, 20% to 30% develop
myeloid leukemia associated with DS (ML-DS). Recent studies have characterized somatic
mutations associated with progression from TAM to ML-DS, but predicting which

patients will progress to ML-DS remains elusive. Clinical trials for DS-AL have aimed to
reduce treatment-related mortality (TRM) and improve survival. Children with ML-DS have
better outcomes compared with non-DS AML, but outcomes remain dismal in relapse.

In contrast, patients with DS-ALL have inferior outcomes compared with those without DS,
due to both higher TRM and relapse. Management of relapsed leukemia poses unique
challenges owing to disease biology and increased vulnerability to toxic effects. Late effects
in survivors of DS-AL are an important area in need of further study because they may
demonstrate unique patterns in the setting of chronic medical conditions associated

with DS.

CONCLUSIONS AND RELEVANCE Optimal management of DS-AL requires specific
molecular testing, meticulous supportive care, and tailored therapy to reduce TRM
while optimizing survival. There is no standard approach to treatment of relapsed disease.
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Future work should include identification of biomarkers predictive of toxic effects;
enhanced clinical and scientific collaborations; promotion of access to novel agents
through innovative clinical trial design; and dedicated studies of late effects

of treatment.
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onstitutional trisomy 21 or Down syndrome (DS) is one of

the most common genetic conditions, with an incidence

of approximately 1in 700 live births.” In children with
DS, 2.8% are diagnosed with acute leukemia (DS-AL), compared
with 0.05% of children without DS, including myeloid leukemia
associated with Down syndrome (ML-DS) and acute lymphoblastic
leukemia (ALL).%® This review focused on clinical presentation,
current treatment, and recent biological insights for children,
adolescents, and young adults (AYAs) with DS-AL. We high-
light the need for strategies to promote inclusion of individuals
with DS-AL in clinical trials to improve outcomes for these
patients.
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Transient Abnormal Myelopoiesis (TAM)

Etiology

Transient abnormal myelopoiesis is a preleukemic disorder that is
diagnosed in 10% to 30% of newborns with DS within the first 3
months of life. It consists of a monoclonal or oligoclonal accumula-
tion of megakaryoblasts during fetal liver hematopoiesis.>* Three
events appear to cooperate to establish TAM: first, the cellular con-
text of trisomy 21; second, occurrence of a somatic mutation of the
hematopoietic transcription factor gene GATAT, which resultsin the
exclusive expression of an N-terminally truncated variant protein
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Figure 1. Myeloid Leukemia in Down Syndrome Evolves From a Subclone of Neonatal Transient

Abnormal Myelopoiesis
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(GATATs); and finally, the developmental context of fetal hemato-
poiesis (Figure 1).>'#° Trisomy 21 results in increased prolifera-
tion, clonogenicity, and differentiation of megakaryocyte-
erythroid progenitors in second trimester DS fetal livers.2°-22 Early
mouse models demonstrated excessive proliferation and abnor-
mal differentiation of megakaryocytes in the absence of wild-type
GATAT and hyperproliferation of an undefined fetal liver progenitor.?
Recently, long-term hematopoietic stem cells in the DS fetal liver
were shown to be the cellular target of GATAT mutations and the cell
of origin in TAM.® In rare instances, the same events may cooper-
ate in the reverse sequence, ie, a germline GATAT mutation fol-
lowed by acquired trisomy 21 resulting in TAM.2* In most new-
borns, TAM resolves spontaneously, through mechanisms that are
yet to be defined, and does not require intervention.*2> Approxi-
mately 20% to 30% of infants with TAM subsequently go on to de-
velop ML-DS within the first 4 years of life at a median age of 18
months (Figure 1).>62527 Persistence of TAM blasts at 3 months af-
ter diagnosis at alow level, detectable by MRD assays, is associated
with a 3-fold increased risk for ML-DS.?® Of note, the group at risk
of ML-DS includes the 20% of newborns with DS who have “silent
TAM," ie, detectable somatic GATAT mutations in the absence of clini-
cal and hematologic abnormalities.>

. |
Clinical Presentation and Treatment

Clinical presentation is variable, ranging from asymptomatic to life-
threatening. Blasts have megakaryoblastic morphology and ex-
press stem cell (CD34, CD117), myeloid (CD33, CD13), and mega-
karyocytic (CD42b, CD61, CD36) markers, as well as CD56 and
CD7.2293% Although in most newborns TAM resolves spontane-
ously within the first 3 months of life, there is an early mortality rate
of 5% to 23%. A subset (22%-42%) of patients with severe, life-
threatening symptoms (hepatic failure, coagulopathy, cardiores-
piratory failure, hyperleukocytosis, hydrops, and/or pleural or peri-
cardial effusions) has a demonstrated survival benefit from early
treatment with low-dose cytarabine (cumulative incidence of death
with vs without treatment, 12% vs 33%, respectively).*® A variety
of low-dose cytarabine regimens have been described, and practi-
tioners need to be aware that even low-dose cytarabine can result
in considerable myelosuppression.2>' Of note, although low-dose
cytarabine reduced early mortality related to TAM, it did not abro-
gate the 20% to 30% risk of progression to ML-DS.&3°
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Future Directions

The true incidence of TAM remains uncertain because cases with si-
lent TAM are likely to elude diagnosis. This determination would re-
quire population-based studies that screen all newborns with DS for
GATATmutations using state-of-the-art sequencing technology. It is
currently not possible to reliably predict the 20% subset of pa-
tients with TAM who will develop ML-DS. Studies are required to
evaluate the prognostic relevance of persistent MRD based on the
detection of patient-specific GATAT mutations with high sensitivity
by next-generation sequencing (NGS) methods. Knowledge of when
cooperating mutations are acquired, eg, in cohesin complex genes,
is needed to devise a screening strategy for newborns with TAM—
either at birth or longitudinally—that is most likely to be successful
(Figure1). Studies are also needed to determine whether any germ-
line variants are associated with progression from TAM to ML-DS.

Myeloid Leukemia Associated
With Down Syndrome

Etiology

Between 0.5% to 2% of children with DS will develop ML-DS.3? The
distinct stages of TAM and ML-DS provide animportant model to study
the stepwise leukemic transformation process. As described, approxi-
mately 20% to 30% of infants with TAM subsequently develop ML-
DS. The progression from preleukemic TAM to ML-DS involves addi-
tional genetic events such as acquired loss-of-function mutations of
the cohesin complex genes (eg, STAG2, RAD21, SMCIA, CTCF), epi-
genetic modifiers (KANSL1, EZH2, SUZ12), and gain-of-function mu-
tations of signal transducers (JAK2, JAK3, MPL, KIT, CSF2RB) or
components of the RAS signaling pathway (NRAS, KRAS, NFT)
(Figure 1).13-3334 These different molecular mechanisms of ML-DS
may eventually be used to define prognostic subgroups of ML-DS,
measure minimal residual disease, and serve as therapeutic targets.

. |
Clinical Presentation and Treatment

Once children with ML-DS and AML gained access to clinical trials,
the results refuted earlier assumptions that chemotherapy for this
group would neither be feasible nor beneficial. The pioneering Pe-
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Table 1. Characteristics of Leukemia in Patients With Down Syndrome

Characteristic

Myeloid leukemia (ML-DS)

Acute lymphoblastic
leukemia (DS-ALL)

Features

Outcomes

Challenges

Young age (<4 y of age)
Neonatal preleukemia (TAM)
CNS involvement rare
Somatic GATA1 mutations
Higher EFS than non-DS AML
Increased drug sensitivity

Limit reached in reducing
treatment intensity and TRM

Lack of risk stratification

Very low salvageability after
relapse

Almost exclusively B lineage
A

CRLF2 rearrangements and
JAK2 mutations common

Lower EFS owing to both
relapse and TRM

High infection-related
mortality

More frequent mucositis,
hyperglycemia

Need for enhanced
supportive care

Toxic effects of intensive
chemotherapy (for high-risk
patients)

Low salvageability after
relapse

Abbreviations: ML-DS, myeloid leukemia associated with Down syndrome;
DS, Down syndrome; TAM, Transient abnormal myelopoiesis; CNS, central

Table 2. Treatment Approaches for Leukemia in Patients

With Down Syndrome

Myeloid leukemia (ML-DS)

Acute lymphoblastic leukemia
(DS-ALL)

Primary ML-DS
DS-specific regimen
Lack of risk stratification
High-dose cytarabine required

Relapse
Dismal prognosis
No standard approach
Need for inclusion in early-phase

trials (eg, gemtuzumab ozogamicin,

BCL2-inhibitors, liposomal

NCI SR with negative end-induction
MRD

Similar to non-DS, with standard
DS-specific modifications (Table 3)

NCI HR and/or end-induction
MRD-positive

HR non-DS approach with
DS-specific modifications (3-drug
induction; ID MTX)

Consider adding/substituting
immunotherapeutic agents for
patients with severe toxic effects
or poor response

Relapse

Need for trials evaluating CD19
CAR T-cell therapy for first relapse

Consider replacing intensive
chemotherapy elements with
immunotherapeutic agents (eg,
blinatumomab, inotuzumab)

nervous system; ALL, acute lymphoblastic leukemia; EFS, event-free survival;
AML, acute myelogenous leukemia; TRM, treatment-related mortality.

diatric Oncology Group study POG8498 (1984-1989)>° demon-
strated a 3-year event-free survival (EFS) of 100%in 12 children with
ML-DS compared with 28% in 273 children with non-DS AML (eTable
inthe Supplement). Heightened sensitivity of DS myeloblasts to che-
motherapeutic agents, including but not limited to cytarabine, is at
least part of the explanation.>>3¢ A10-fold greater sensitivity to cy-
tarabine is due to increased incorporation of cytarabine into DNA
(Table 1and Table 2).3” Down syndrome cell lines were shown to have
both higher levels of the active metabolite of cytarabine (Ara-CTP)
and lower levels of the enzyme that catalyzes its inactivation (cyti-
dine deaminase). Myeloid leukemia associated with DS blastsis also
more sensitive to daunorubicin, melphalan, vincristine, etoposide
cyclophosphamide, and mitoxantrone, as well as histone deacet-
ylase inhibitors such as vorinostat.®

The initial extrapolation of highly dose-intensive chemotherapy
protocols, which were successful in children with non-DS AML, to
those with ML-DS resulted in excessive TRM.>® Treatment-related
mortality was successfully reduced following a stepwise reduction of
treatment intensity, combined with effective supportive care mea-
sures, including antimicrobial prophylaxis during periods of inten-
sive myelosuppression, inpatient hospitalization for close observa-
tion during intensive chemotherapy blocks, and aggressive treatment
of infections. This resulted in a 5-year EFS of 83% to 90% and over-
allsurvival (OS) of 87% of 93% in contemporary clinical trials (Figure 2,
Table 3; eTable in the Supplement).>®4°42 However, the recent at-
tempt by the Children’s Oncology Group (COG, AAML1531) to re-
duce treatment intensity further by omitting high-dose cytarabine
from the treatment of a favorable subgroup defined by negative MRD
status (defined as <0.05% as measured by flow cytometry after the
first course of chemotherapy, equivalent to the cutoff used in COG
studies for non-DS AML), resulted in aninferior 2-year EFS (85%) and
05 (91%).4>** This observation demonstrated that high-dose cytara-
bine remains essential for the treatment of ML-DS; MRD has limited
value for risk stratification of ML-DS; and the limit for lowering the in-
tensity of treatment for ML-DS with standard chemotherapy ap-
pears to have been reached (Table 2).** Prevention of relapse rather

jamaoncology.com

daunorubicin and cytarabine
(CPX-351), hypomethylating
agents, histone deacetylase
inhibitors)

Abbreviations: ML-DS, myeloid leukemia associated with Down syndrome;

DS, Down syndrome; ALL, acute lymphoblastic leukemia; NCI, National Cancer
Institute; SR, standard risk; HR, high risk; MRD, minimal residual disease;

ID MTX, intermediate-dose methotrexate; CAR T, chimeric antigen receptor T cell.

than reduction of TRM has emerged as new priority of trial design for
ML-DS. An ongoing phase 3 clinical trial (ML-DS 2018, EudraCT 2018-
002988-25) by the BFM study group is evaluating CPX-351, a lipo-
somal formulation of daunorubicin and cytarabine at a fixed molar
ratio, in upfront therapy for ML-DS.

|
Treatment of Relapse

In contrast to the highly favorable outcomes of patients with primary
ML-DS, the 10% to 15% of patients who are refractory to upfront
therapy or experience a relapse have a dismal prognosis. In study
AAML1531, 12 of 114 patients with standard risk (defined by negative
MRD after the first course of induction therapy) relapsed, mostly within
1year from study entry, and had a 1-year OS of 16.7%.%° Similarly poor
outcomes were reported for a Japanese cohort of 29 patients with
relapsed/refractory disease, and in a CIBMTR registry study of 28 pa-
tients, with 3-year OS of 26% and 19%, respectively.*5#” To date, ex-
perience regarding the use of novel agents to treat relapsed or refrac-
tory ML-DS, including gemtuzumab ozogamicin, venetoclax, liposomal
daunorubicin and cytarabine (CPX-351), hypomethylating agents, and
histone deacetylase inhibitors, is limited to case reports.*®->!

|
Future Directions

One notable gap in knowledge is the continued lack of a risk strati-
fication for ML-DS. Flow cytometric MRD did not identify a favor-
able subgroup of patients with ML-DS for whom the intensity of treat-
ment could be successfully reduced. Genomic analysis of ML-DS
identified several different molecular mechanisms of ML-DS, but we
currently do not know if they have prognostic significance. Finally,
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Figure 2. Evolution of Trial Design for ML-DS

coG
A297112 AAMLO04316 AAML153145
e Induction: 4 cycles e 25% less anthracycline ¢ No HD-AraC if MRD-
of CI-TAD ¢ HD-AraC used as negative
¢ Consolidation: second course « Fewer IT AraC doses
HD-AraC/asparaginase  Fewer IT AraC doses (1 instead of 2)
¢ CNS consolidation: (2 instead of 7)
IT AraC, 3 times weekly
BFM
AML BFM 983> ML-DS 2006° ML-DS 2018
e AIE e AIE ¢ 2 Courses CPX-351
o Al — o Al — * hAM
¢ hAM ¢ hAM * HA
* HAE * HA (no etoposide) * Lower-dose HD-AraC
¢ Maintenance ¢ No maintenance if MRD negative

ML-DS indicates myeloid leukemia associated with Down syndrome; COG, children’s oncology group; BFM, Berlin-Frankfurt-Munster. A2971 included (1) induction: 4
courses of CI-TAD, continuous-infusion cytarabine (200 mg/m?/24 hours on days 0-3) and daunorubicin (20 mg/m?/24 hours on days 0-3) plus oral 6-thioguanine
(50 mg/m? twice daily for 4 consecutive days). (2) Intensification therapy: HD Ara-C, high-dose cytarabine, 3000 mg/m? per dose intravenously every 12 hours on
days 0, 1,7, and 8, and intramuscular L-asparaginase, (L-Asp) 6000 1U/m? on days 1and 8. Central nervous system (CNS) consolidation was 3 doses of intrathecal
(IT) cytarabine. AAMLO431included (1) induction cycles 1, 3, and 4: CI-TAD, continuous infusion cytarabine (200 mg/m?/24 hours on days 1-4) and daunorubicin (20
mg/m?/24 hours on days 1-4) plus oral 6-thioguanine (50 mg/m? twice daily on days 1-4). (2) Induction cycle 2: HD-ARAC/asp, high-dose cytarabine 3000 mg/m?
every 12 hours on days 1, 2 and 8, 9 with E coli asparaginase (6000 U/m? administered intramuscularly) on days 2 and 9. (3) Intensification cycles 1and 2: continuous
infusion cytarabine 100 mg/m?/24 hours on days 1to 7 and etoposide 125 mg/m? on days 1to 3. Prophylactic intrathecal cytarabine was administered at start of
induction 1and at induction 3. AAML1531 adopted the same approach as AAML0O431 but omitted HD-ARAC/asp course and use of only 1dose of IT AraC for patients
who were MRD-negative after the first course of Induction (standard risk). Patients with positive MRD status (high risk) received intensified chemotherapy.
Induction cycle 2: mitoxantrone (0.4 mg/kg/d on days 3-6) and high-dose cytarabine (33 mg/kg/dose every 12 hours on days 1-4). Intensification 1: high-dose
cytarabine (33 mg/kg/dose every 12 hours on days 1-5) and etoposide (5 mg/kg/d on days 1-5). Intensification 2: high-dose cytarabine (100 mg/kg/dose every 12
hours on days 1,2, 8, and 9) combined with asparaginase (intramuscular or intravenous E coli 200 international units/kg/dose or Erwinia 830 international
units/kg/dose on days 2 and 9). AML-BFM 98 included AIE (cytarabine 100 mg/m? on days 1-2 and 100 mg/m? every 12 hours on days 3-8), idarubicin (8 mg/m? on
days 3, 5, and 7), and etoposide (150 mg/m? on days 6-8); Al (cytarabine 500 mg/m? on days 1-4 and idarubicin 5 mg/m2 on days 3 and 5); haM (cytarabine 1g/m?
every 12 hours on days 1-3 and mitoxantrone 7 mg/m? on days 3-4); HA (high-dose cytarabine 3 g/m? every 12 hours on days 1-3); and HAE (high-dose cytarabine 3
g/m? every 12 hours on day 1-3 and etoposide 125 mg/m? on day 2-5). Maintenance therapy until 1.5 years after start of induction therapy: oral thioguanine daily 40
mg/m? and subcutaneous cytarabine 40 mg/m? every 4 weeks on 4 consecutive days. ML-DS 2006 included AIE (cytarabine 100 mg/m? on day 1-2 and 100 mg/m?
every 12 hours on days 3-8), idarubicin (8 mg/m? on days 3, 5, and 7), and etoposide (150 mg/m? on days 6-8); Al (cytarabine 500 mg/m? on days 1-4 and idarubicin
5 mg/m2 on days 3 and 5); haM (cytarabine 1g/m? every 12 hours on days 1to 3 and mitoxantrone 7 mg/m? on days 3-4); and HA (high-dose cytarabine 3 g/m? every

12 hours on days 1-3). HA (high dose cytarabine 3 g/m? every 12 hours on days 1-3). Intrathecal cytarabine at the start of each treatment block (4 doses in total).
ML-DS 2018 adopted the same approach as ML-DS2006 but the first 2 courses were replaced with CPX-351.

the striking prognostic dichotomy of ML-DS—a highly favorable prog-
nosis of primary disease vs a dire outlook at relapse—requires ac-
tion. Targeting disease mechanisms of ML-DS, as shown for the in-
hibition of lysine demethylase LSD1and activated JAK1/2 signaling
in vitro and in xenografts, seems a rational direction for further
research.' Prevention of relapse, rather than further reduction of
TRM, is a key priority for the design of new front-line trials in ML-
DS. Finally, access to early-phase trials evaluating new agents should
be expanded for patients with DS and leukemia, taking into consid-
eration the potential toxic effects profile and therapeutic benefit from
the novel agent. There is a need for international collaboration to
develop clinical trials for relapsed and refractory ML-DS and to con-
duct the essential correlative genomic and functional analyses.

Down Syndrome-Associated Acute
Lymphoblastic Leukemia (DS-ALL)

Etiology

Children with DS have a 20-fold increased risk and approximately a 1%
lifetime risk of developing ALL.32>2 In spite of this well-established as-
sociation, little is known about germline genetic susceptibility to ALL
among children with DS. One of the most comprehensive assessments

JAMA Oncology September 2023 Volume 9, Number 9

todate focused on the role of common variants in DS-ALL susceptibil-
ity. In this genome-wide association study analyzing 542 DS-ALL cases
and 1192 DS controls, the investigators identified 4 susceptibility loci
at genome-widesignificance: rs58923657 near IKZF1(odds ratio [OR]

=2.02,P<.001),rs3731249in CDKN2A (OR = 3.63, P<.001), rs7090445
in ARID5B (OR =1.60, P<.001), and rs3781093 in GATA3 (OR =173,
P<.001).%* Because these loci have also been identified as ALL suscep-
tibility lociin children without DS, the investigators further performed
a case-case analysis comparing frequency of susceptibility locus risk
alleles between DS-ALL cases and non-DS ALL cases. Notably, the
CDKN2A missense single nucleotide polymorphism (SNP) rs3731249
was significantly associated with DS status (OR = 1.58, P<.001), indi-
cating an increased penetrance of CDKN2A risk alleles in children
with DS. Although this was an important assessment, the role of rare
and structural mutations, as well as variants on chromosome 21, were
not evaluated, necessitating future work to elucidate the role of these
mutations in DS-ALL susceptibility.

. |
Clinical Presentation and Treatment

Clinical features are generally similar in DS and non-DS ALL, with the
exception that T-lineage ALL is rare and infant ALL not reported in
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individuals with DS. In B-lineage ALL, the frequency of recurrent so-
matic genetic alterations differs markedly in DS vs non-DS ALL.”>#>5
Rearrangementsin CRLF2 and JAK2 mutations are significantly more
commonin DS-ALL, and although they have not been associated with
a markedly inferior prognosis in DS-ALL, they may serve as poten-
tial therapeutic targets.>6>® Rearrangementsin CRLF2result in over-
expression, and occur in 50% of cases of DS-ALL vs 5% to 10% of
non-DS ALL (Table 1). Mutations in JAK2 result in constitutive acti-
vation, and occurin 20% of DS-ALL, always as a concomitant altera-
tionin CRLF2-rearranged cases, vs approximately 5% of non-DS ALL
cases. Conversely, the recurrent alterations that are common in
non-DS ALL are far less common in DS-ALL. Favorable prognostic
alterations (ETV6::RUNXT and high hyperdiploidy) are observed in
DS-ALL, but at a lower frequency, and unfavorable prognostic al-
terations (KMT2A rearrangements, hypodiploidy, BCR::ABL1, and
intrachromosomal amplification of chromosome 21 [iAMP21]) are
vanishingly rare in DS-ALL.

Children and AYAs with DS-ALL have poorer outcomes than
those with non-DS ALL, due to increased risk of both relapse and
TRM.”5>59 |ncreased TRM is primarily attributable to infections,
which occur most often during expected periods of severe neutro-
penia, but also occur more frequently during maintenance therapy
than would be expected. The infections include bacterial, viral, and
fungal organisms. Frontline treatment for DS-ALL is similar overall
tothat of non-DS ALL, with the exception of (1) modifications to miti-
gate the long-recognized increased sensitivity to methotrexate in
DS (eg, dose reduction and/or earlier leucovorin rescue for high-
dose intravenous methotrexate); (2) enhanced supportive care (in-
cluding hospitalization for vigilant monitoring for infection, antimi-
crobial and antifungal prophylaxis, and appropriate timely
treatment); and (3) other select modifications in chemotherapy to
reduce the risk of infection (Table 2, Table 3).6° Patients with DS and
National Cancer Institute high-risk ALL are at highest risk for TRM,
and the COG is currently testing the introduction of 3 cycles of the
immunotherapeutic agent blinatumomab in this population to re-
place elements of highly intensive (and toxic) chemotherapy
(NCT03914625). Early data suggested an increased incidence of
seizures among patients with DS older than 10 years, prompting the
introduction of antiseizure prophylaxis throughout blinatumomab
infusions for these patients.®’

|
Treatment of Relapse

The disparity in ALL outcomes in children and AYAs with DS is par-
ticularly wide for relapsed disease, with up to 30% poorer survival in
some studies.®? Relapses are more likely to occur late (>36 months
fromdiagnosis), a favorable prognostic featurein non-DS ALL, yet both
EFS and OS are poorer owing to increased TRM.”>>°962 Qutcomes
following bone marrow transplant are particularly poor, primarily
owing to relapse rather than TRM.®2 In light of these findings, the
growing availability of targeted immunotherapies such as in-
otuzumab, blinatumomab, and cellular therapies such as anti-CD19
chimericantigen receptor (CAR) T-cell therapy holds special promise
for patients with DS and relapsed ALL. Due to their poor outcomes
with conventional intensive salvage therapy approaches, early use of
CAR T-cell therapy as a curative strategy may be considered for this
population (Table 2).5* The data available to date suggest that indi-
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Table 3. Specific Modifications of Treatment for Down Syndrome Leukemia

Chemotherapy

ML-DS DS-ALL

Reduction of chemotherapy Reduction of chemotherapy intensity
intensity

No anthracycline during induction
Shorter Delayed Intensification
High-dose MTX modifications

Intermediate dose, with possible
subsequent increase

Earlier leucovorin rescue
Leucovorin after IT MTX

Incorporation of immunotherapy
(eg, blinatumomab)

Less anthracycline
Fewer doses of IT cytarahine

Do not omit high-dose
cytarabine

Supportive care

Hospitalization during intensive chemotherapy courses until signs of
hematopoietic recovery

Antibiotic and antifungal prophylaxis during times of intensive myelosuppression
1gG monitoring and replacement

High vigilance for infection and early aggressive intervention
(subtle presentation, fulminant course)

Abbreviations: ML-DS, myeloid leukemia associated with Down syndrome; IT,
intrathecal, MRD, minimal residual disease; ALL, acute lymphoblastic leukemia;
MTX, methotrexate; ANC, absolute neutrophil count; IgG, immunoglobulin G.

viduals with DS tolerate immunotherapies well with efficacy and toxic
effects profiles similar to those without DS.%>¢”

|
Future Directions

Outcome disparities persist in children and AYAs with DS-ALL. These
disparities have diminished somewhat for incidence of relapse, but
remain substantial for TRM.>® Recently, similar challenges in treat-
ing elderly adults with ALL have prompted several adult coopera-
tive groups to develop regimens that greatly reduce chemotherapy,
relying heavily instead on inotuzumab and/or blinatumomab.685°
“Chemotherapy-light” regimens may be a strategy to consider in fu-
ture trials for patients with DS-ALL, particularly among those with
adverse risk factors such as older age and persistent MRD. In-
creased use of CAR T cells may also prove beneficial. Other areas
that need to be investigated are biomarkers that predict toxic ef-
fects, and specific areas of immunologic dysfunction that are re-
sponsible for infectious toxic effects, to develop effective preven-
tion and treatment strategies.

|
Unique Considerations

Inclusion in Clinical Trials, Access to Experimental Agents
Given the already excessive toxic effects of intensive chemo-
therapy in children and AYAs with DS, further intensification with
standard chemotherapy agents to improve outcomes is not fea-
sible. Immunotherapeutic approaches in particular may offer sub-
stantial benefits for patients with DS. However, to our knowledge,
data are not yet available on outcomes specifically in DS-ALL.
Historically, early-phase trials have almost categorically ex-
cluded patients with DS due to concerns that increased toxic ef-
fects could adversely affect drug development. Today this ap-
proach no longer seems defensible. Instead, taking the anticipated
toxic effects profile of agents into account, efforts should be made
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toallow inclusion of patients with DS when appropriate. Trials could
be designed to enroll participants with DS on a separate stratum, or
with staggered dose levels, to promote inclusion and improve ac-
cess to clinical trials and novel agents for these patients.

. |
Consent and Assent

Considerations of consent and assent are particularly importantin pa-
tients with cognitive impairment, and involve particular complexities
for patients with DS who have attained the age of consent. Local and
state regulations offer guidelines to determine capacity for consentin
adults with cognitive impairment. When developing a clinical trial that
includes individuals with DS, it is important to ensure that adequate
provisions are in place to assist in determining consent capacity, and
to allow for waivers of consent according to local guidance to facili-
tate inclusion of young adults with intellectual disability and improve
their access.”® As the life expectancy of individuals with DS increases,
these considerations will become increasingly relevant.”” Several re-
cent efforts in DS research have sought to raise awareness and pro-
vide recommendations and guidelines for conducting clinical re-
searchinindividuals with DS, including the recently developed National
Institutes of Health (NIH) Investigation of Co-occurring conditions
across the Lifespan to Understand Down syndrome (INCLUDE)
initiative.”%”> Leveraging these existing infrastructures as they apply
to the field of hematologic malignant diseases will help to improve
access to clinical trials for children with DS.

. |
Late Effects

Although chronic health conditions associated with leukemia treat-
ment (ie, late effects) are important to define in children with DS be-
cause of baseline comorbidities, there has been almost no research
inthis area until recently. A challenge in studies of late effects is de-
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termining the appropriate comparison population (eg, survivors of
childhood cancer vs individuals with DS who did not develop leu-
kemia). Childhood cancer survivors with DS are more likely to have
cataracts, hearing loss, and thyroid dysfunction, and greater sever-
ity of chronic health conditions.” A health-related quality of life sur-
vey of survivors of ML-DS,”® on the other hand, did not report higher
rates of chronic health conditions. Neuropsychological outcomes
have only been reported in 1study to date, which found deficits in
several domains in children with DS and leukemia compared with
those with DS and no history of leukemia, and greater deficits in pa-
tients treated for DS-ALL than ML-DS.”® As novel therapies be-
come more available to children with DS, metrics for patient- and
caregiver-reported outcomes and the collection of data on late ef-
fects should be systematically included in upcoming trials to under-
stand the specific effects of novel therapies in this population.

|
Conclusions

To improve survival of patients with DS and leukemia, advocacy
must focus on the inclusion of these patients in clinical trials de-
signed to evaluate novel therapeutics and also in large-scale obser-
vational studies. For example, innovative clinical trial designs are
needed to allow inclusion of patients with DS because their exclu-
sion from clinical trials could lead to postapproval exclusion from
treatment with a new drug owing to lack of data. Over the years, DS-
specific treatment strategies with less toxic effects have led toare-
ductionin TRM, and this should continue to be a key focus in future
studies involving novel therapeutics. Improved awareness of DS
leukemia is critical to identify knowledge gaps and foster collabo-
rations between clinical and basic researchers to improve out-
comes for these patients. In this regard, the recent NIH-sponsored
conference, ImpacT21, focused specifically on the need for re-
search and clinical trials in children and AYAs with DS leukemia
(https://ncifrederick.cancer.gov/events/conferences/impact21).””
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®Advancing Diagnostics and Therapy to Reach Universal Cure
in Childhood ALL
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ABSTRACT

Systemic combination chemotherapy and intrathecal chemotherapy markedly increased the
survival rate of children with ALL. In the past two decades, the use of minimal (measurable)
residual disease (MRD) measurements early in therapy improved risk group stratification with
subsequent treatment intensifications for patients at high risk of relapse, and enabled a re-
duction of treatment for low-risk patients. The recent development of more sensitive MRD
technologies may further affect risk stratification. Molecular genetic profiling has led to the
discovery of many new subtypes and their driver genetic alterations. This increased our
understanding of the biological basis of ALL, improved risk classification, and enabled
implementation of precision medicine. In the past decade, immunotherapies, including bis-
pecific antibodies, antibody-drug conjugates, and cellular therapies directed against surface
proteins, led to more effective and less toxic therapies, replacing intensive chemotherapy
courses and allogeneic stem-cell transplantation in patients with relapsed and refractory ALL,
and are now being tested in newly diagnosed patients. It has taken 50-60 years to increase the
cure rate in childhood ALL from 0% to 90% by stepwise improvements in chemotherapy. This
review provides an overview of how the developments over the past 10-15 years mentioned
above have significantly changed the diagnostic and treatment approach in ALL, and discusses
how the integrated use of molecular and immunotherapeutic insights will very likely direct
efforts to cure those children with ALL who are not cured today, and improve the quality of life
for survivors who should have decades of life ahead. Future efforts must focus on making
effective, yet very expensive, new technologies and therapies available to children with ALL
worldwide.
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INTRODUCTION We review how these developments have and will continue

to lead to significant changes in treatment of childhood

Approximately one of 1,500 newborns develop ALL before
their 18th birthday. Long-term survival rates increased
from zero in the 1950s to over 90% in the past decade in
high-income countries (Fig 1).*”3 This is attributable to
stepwise refinement and intensification of chemotherapy
regimens to improve both systemic and CNS control, by
more sophisticated use of allogenic hematopoietic stem-
cell transplantation (HSCT), improved supportive care, and
more recently, improved risk stratification incorporating
genomic features and early treatment response quantified
by minimal (measurable) residual disease (MRD). In the
past decade, genomic analyses have identified many new
genetic subclasses of ALL, refining classification of ALL and
increased understanding of disease biology.* For some
subtypes, precision medicine strategies have been or will
soon be introduced. The very recent introduction of im-
munotherapies, including bispecific antibodies, antibody-
drug conjugates (ADC), and cellular therapies, has changed
treatment for refractory/relapsed (r/r) ALL and is now
entering frontline trials.

ASCO  Journal of Clinical Oncology*

ALL. We anticipate that this will change ALL from an in-
curable disease in 1960 to a curable disease for (nearly) all
patients and will also significantly reduce the incidence of
major toxicities and thereby improve quality of life for
survivors.

CURRENT THERAPY

Treatment of childhood ALL involves multiagent chemo-
therapy, administered in rotating combinations combined
with CNS prophylaxis, administered over approximately 2-2.5
years. Regimens typically include induction, followed by one
or two consolidation courses, (delayed) intensification and
maintenance. Five drugs form the backbone: glucocorticoids
(prednisone and dexamethasone), vincristine, asparaginase,
methotrexate, and 6-mercaptopurine. Additional drugs in-
clude anthracyclines (daunorubicin and doxorubicin), cyto-
sine arabinoside (araC), and cyclophosphamide. Table 1
summarizes the most recent outcome data of the major
study groups worldwide.»35-9
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DCLSG-ALL6 (1983-1988) 404
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DCLSG-ALL2 (1973-1975) 234 109

DCLSG-ALL1 (1972-1973) 69 18
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282 227 182 112 28 -

109 71 52 37 18 6
81 63 36 32 28 9
7 4 1 1 1 0

|
FIG 1. Outcome of Dutch children with ALL from 1972 to 2020. DCLSG, Dutch Childhood Leukemia Study Group;

DCOG, Dutch Childhood Oncology Group.

Dexamethasone has greater antileukemic efficacy, but more
side effects, than prednisone.'® Regular 5- to 7-day pulses of
corticosteroids and vincristine are widely used during
maintenance, but their value is debatable and likely depends
on the other components of therapy and the patient subset."
The benefit of high-dose versus intermediate-dose meth-
otrexate also depends on the type of ALL.*>*> Truncation of
the asparaginase schedule because of intolerance or silent
inactivation of the drug increases the relapse risk.%4-¢
Therapeutic drug monitoring is used to detect silent inac-
tivation of asparaginase and facilitates the timely switch to
alternative asparaginases.’””®* How much asparaginase is
needed for each subtype defined by MRD or genetics remains
to be elucidated.’ The optimal length of ALL therapy is about
2-2.5 years for both boys and girls.>° Although 1-year total
therapy worsens the overall outcome, half of the patients are
long-term survivors with this shorter therapy and limited
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maintenance duration,* but it is unclear how to recognize
who will be cured with shorter therapy in advance.>* Gen-
otyping of the host to adapt chemotherapy is currently
limited to the detection of TPMT and NUDT15 polymorphisms
that influence 6-mercaptopurine metabolism, with clinical
consequences.>

Intrathecal therapy is essential to prevent CNS relapses.??
The benefit of triple intrathecal therapy (methotrexate,
hydrocortisone, and cytarabine) versus intrathecal meth-
otrexate is debatable; the intensity of intrathecal versus
systemic therapy may influence the site of relapse.?45
Cranial radiotherapy reduces the CNS relapse rate only in
children with CNS3 disease, but does not influence survival
even in this group.?® A recent report from the Children’s
Oncology Group shows that outcome in T-cell (T)-ALL is
worse with CNS3 status, even with cranial irradiation.?”
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TABLE 1. Outcome Data of the Major Childhood ALL Trials Reporting on Representative Cohorts of Patients With ALL Published After 2015

Protocol Enrollment Period Patients, No. Age, Years 5-Year CIR, % 5-Year EFS, % 5-Year Survival, % Reference Remark
AIEOP-BFM 2000 dexamethasone arm 2000-2006 1,853 1-17 11 84 90 Moricke 2016'%

AIEOP-BFM 2000 prednisone arm 2000-2006 1,867 1-17 16 81 91 Moricke 2016'%

SJCRH total 16 2000-2017 598 0-18 7 88 94 Jeha et al?

COALL-07-03 2003-2010 773 1-18 13 84 91 Schramm 2019° 10-year outcome data
UKALL 2003 2003-2011 3,126 1-24 11 85 90 Moorman et al® 10-year outcome data
DFCI-05-001 2005-2011 678 1-18 - 87 93 Vrooman et al®

COG 2006-2010 8,090 0-29.9 = = 915 Raetz et al®

NOPHO-2008 2008-2014 1,509 1-45 10 85 91 Toft et al’

Maxima/DCOG-11 2012-2020 778 1-18 8 89 94 Pieters et al®

Abbreviations: CIR, cumulative incidence of relapse; EFS, event-free survival.
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Flow cytometric detection of CNS leukemia is more reliable
than morphology and positivity is associated with inferior
outcome,* which is being tested in the ongoing ALLTogethero1
protocol. HSCT indications have been reduced by improve-
ments in chemotherapy and are currently T-ALL with induc-
tion failure,” BCR:ABL1-positive ALL with a poor MRD
response, and subgroups of KMT2A-rearranged (KMT2A-R)
infant ALL.3° For high-risk ALL subtypes, including KMT2A-R,*
hypodiploidy <44 chromosomes,3>33 and TCF3::HLF, its value is
unproven.

MRD

Monitoring early responses to chemotherapy by MRD sig-
nificantly improved the prediction of relapse and thereby
risk group stratification. MRD is measured by flow cytometry
using the leukemic immunophenotype or by PCR of clono-
typic Ig/TCR rearrangements or fusion genes and genomic
deletions.3* Next-generation sequencing—based MRD353¢ is
more sensitive and more specific. It has not yet been widely
implemented in clinical trials but may replace other tech-
nologies in the future. MRD-based stratification allows for a
reduction of treatment intensity, thereby improving the
quality of life for low-risk patients, while not jeopardizing
their high survival rate. Persistent MRD identifies a small
high-risk group who should be allocated to intensive che-
motherapy and HSCT?? or new precision medicine or im-
munotherapeutic options to increase survival. The latter
may have dual advantages since they also cause fewer side
effects.?®

Successful examples of therapy reduction exist. In some
trials, MRD-based low-risk patients do not receive
corticosteroid/vincristine pulses, whereas medium-risk
patients do. MRD-guided reductions are possible such as
reduction of the intensification course and reduction of
cumulative anthracycline dose.®3°°4> The possibility of
therapy reductions confronts clinicians and patients/
parents with the dilemma of treating all low-risk pa-
tients with intensive therapy leading to the lowest relapse
risk but increased risk of side effects, versus deintensified
therapy for the majority of low-risk patients with better
quality of life but possibly a slightly higher relapse rate for a
few patients highly likely to be salvaged with rescue
therapy. Therapy reductions are mainly applied in good-
risk genetic subtypes, for example, ETV6::RUNX1, high
hyperdiploidy (51-67 chromosomes), and/or those with
negative end-of-induction MRD.43

SIDE EFFECTS

The most important acute side effects of chemotherapy
influencing quality of life are bacterial and fungal infections
caused by myelosuppression and the immunosuppressive
effect of glucocorticoids, vincristine-induced neuropathy,
methotrexate encephalopathy, pancreatitis,** and intrace-
rebral venous thrombosis caused by asparaginase, and
osteonecrosis, myopathy, and behavioral problems caused
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by glucocorticoids. Many side effects are reversible, but a
small percentage of patients with pancreatitis*4 and about
60% of patients with symptomatic osteonecrosis*> experi-
ence long-term consequences. In patients receiving HSCT,
infertility and chronic graft-versus-host disease cause ad-
ditional serious toxicity. With current survival rates
of >90%, quality of life is receiving more attention, leading
to outcome indicators cocreated by professionals and sur-
vivors focused on toxicity-free survival.4®47

MOLECULAR GENETIC PROFILING

Genomic analyses have identified multiple subtypes of
B-progenitor (Fig 2) and T-lineage ALL, their drivers, and
cooperating genomic alterations, and showed that many
children have germline genomic variations that influence
leukemia susceptibility and treatment response. Constitu-
tional syndromes such as Down syndrome and ataxia tel-
angiectasia are associated with an increased risk of ALL.*®
Genome-wide association studies identified multiple non-
coding polymorphisms influencing the risk of developing
ALL, commonly at loci encoding tumor suppressors or he-
matopoietic transcription factors (ARID5B, BAK1, CDKN2A/
CDKN2B, BMI1-PIP4K2A, CEBPE, ELK3, ERG, GATA3, IGF2BP1,
IKZF1 IKZF3, USP7, and LHPP). The risk associated with each is
subtle but combinatorial.*® Several may influence acquisition
of somatic driver alterations, such as germline GATA3 al-
terations and CRLF2 rearrangement in Ph-like ALL.>°
Pathogenic germline coding variants have been described
in multiple genes in ALL, including TP53, PAX5, IKZF1, and
ETV6.5-53 These variants have been identified in both familial
ALL, which is rare, and sporadic cases with no known family
history, at a relatively high frequency (1%-2% of cases).
Several germline pathogenic variants show associations with
ALL subtypes, such as TP53 and low hypodiploidy (30-39
chromosomes), and ETV6 with high-hyperdiploid ALL.
Germline IKZF1 variants also influence drug responsiveness
in ALL.54

Over 20 subtypes of B-ALL are now recognized, most of
which were unknown before genomic profiling as they are
not detectable by conventional cytogenetics®® (Figs 2 and 3).
Aneuploid B-ALL subtypes are high-hyperdiploid ALL
characterized by gains of at least five chromosomes, most
commonly 4, 10, 14, 17, 18, 21, and X, and favorable out-
come.’® Hypodiploid ALL, with multiple chromosomal
losses, has two subtypes associated with poor outcome:
near-haploid ALL with 25-29 chromosomes, and low-
hypodiploid ALL with 30-39 chromosomes.?>57 Low-
hypodiploid ALL is almost always associated with biallelic
TP53 alteration, including a germline variant in about half of
the pediatric cases; near-haploid ALL has a similar gene
expression profile and mutational spectrum (Ras pathway,
CREBBP) to hyperdiploid ALL, suggesting a common
origin.~555 B-ALL with intrachromosomal amplification of
chromosome 21 (iAMP21) arises from breakage-fusion-
bridge cycles and chromothripsis of chromosome 21, and
rarely, constitutional alterations of chromosomes 15 or 21.5®
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FIG 2. Subtyping of B-ALL using whole-transcriptome sequencing. t-SNE depiction of childhood and adult
B-ALL adapted from Kimura et al.”® Subtypes are color-coded and labeled accordingly. t-SNE, t-weighted

stochastic neighbor embedding.

This subtype has been associated with poor prognosis,
ameliorated with more intensive treatment regimens.>®

Chimeric fusion oncoproteins are a hallmark of B-ALL, and
commonly arise in utero, years before clinically manifest
leukemia, consistent with the requirement for additional
genomic alterations to promote leukemogenesis. Several
subtypes are defined by a single rearrangement, such as
ETV6::RUNX1, TCF3::PBX1, BCR::ABL1, and translocations in-
volving KMT2A.°° By contrast, several recently described
subtypes have multiple fusion partners converging on a
single gene: MEF2D-rearranged,®-%> NUTM1-rearranged,©3
and ZNF384-rearranged ALL.54 NUTMi-rearranged ALL is
observed in infants without KMT2A-R.°® ZNF384 rear-
rangement is characterized by the expression of myeloid
antigens diagnosed as ALL or mixed-phenotype acute leu-
kemia that are otherwise biologically indistinguishable, and
prone to shift in immunophenotype during disease
progression®#%> or exposure to CD19-directed immuno-
therapy. Additional subtypes are defined by characteristic
alterations in specific genes (PAX5 P80OR, PAXs5alt with
heterogeneous PAX5 alterations, and IKZF1 N159Y).55:%
Rearrangement of DUX/4 to immunoglobulin or other en-
hancers defines a subtype of favorable-risk ALL,57-5° albeit
with elevated levels of MRD early in therapy. Rare, but high-
risk cases have dual alterations that deregulate CDX2 and
encode UBTF::ATXN7L37°. Ph-like (BCR::ABLi-like) ALL7%72
exhibits a transcriptomic signature similar to BCR:ABL1
ALL, and is the most genomically diverse form of ALL, with
rearrangements and mutations of at least 16 cytokine re-
ceptors and tyrosine kinases, most commonly deregulating

Journal of Clinical Oncology

JAK-STAT and ABL1-class signaling pathways?? (Fig 4); this
subtype increases in incidence with age and is associated
with poor outcome.

Genomic subtypes are associated with relapse risk and
chemotherapy response,’ providing a rationale for com-
prehensive genomic analysis at diagnosis. Although inte-
grated whole-genome sequencing and transcriptome
sequencing provide the most detailed molecular portrait of
ALL, transcriptome sequencing provides an analysis of gene
expression, mutations, and chromosomal rearrangements,
and enables the identification of most risk-stratifying ge-
nomic alterations in ALL. Transcriptome sequencing also
identifies cases that phenocopy canonical subtypes with
similar gene expression but alternative genomic drivers (eg,
ETV6::RUNX1-like ALL).57:6975 Notably, the time for patients
to be considered cured is 6 years after diagnosis, irrespective
of the prognosis of each genetic subtype.? In combination
with MRD and cytogenetic abnormalities, copy-number
alterations (eg, the UKALL-CNA profile in the ALLTo-
gethero1 protocol)’® are being incorporated into risk-
stratification algorithms.

Genomic alterations are less established in the management
of T-ALL, as this entity is less common, and more frequently
driven by noncoding, enhancer alterations that deregulate
T-lineage transcription factors and oncogenes that require
genome sequencing for identification.’® However, this land-
scape is changing, with recent studies comprehensively de-
fining the taxonomy of T-ALL and showing associations
between subtype, outcome, and treatment failure.”” Similarly,
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acute leukemias of ambiguous lineage that exhibit either
minimal differentiation or immunophenotypic features of
multiple hematopoietic lineages (most commonly B and
myeloid, or T and myeloid) have been poorly characterized
from a genomic perspective. In addition to known asso-
ciations with KMT2A and BCR::ABL1, several new entities
have recently been identified that transcend immuno-
phenotypic criteria, including ZNF384-rearranged (either
B-ALL or B/myeloid) leukemia’® and BCL11B-rearranged
(early T-cell precursor [ETP] or T/myeloid) leukemia.?®8°

PRECISION MEDICINE IN B-ALL

BCR::ABL1-rearranged (Philadelphia chromosome—positive,
Ph+) ALL was the first genetic subtype for which targeted
therapy became available. Several large collaborative studies
have shown that the addition of ABL tyrosine kinase in-
hibitors (TKI) to chemotherapy has improved outcome.?*-3
Also, the need for HSCT in these patients has significantly
been reduced.®3-8> Before the advent of TKI therapy, most
children with BCR::ABL1-positive ALL received HSCT; cur-
rently, only those with high MRD after two courses of
chemotherapy and TKI (5%-10%) are transplanted in first
remission. Imatinib and dasatinib are used because of more
safety data in pediatrics,®$®7 whereas third-/fourth-gen-
eration TKIs such as ponatinib are commonly used in adults
because of the much higher prevalence of BCR::ABL1 and
ABL1-class Ph-like ALL in adults, and more data on TKI
safety. A randomized trial®® showed that dasatinib led to
better outcome than imatinib in children with BCR::ABL1 ALL,
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but because of limited follow-up and the poor outcome
of imatinib-treated patients, this has not yet led to the
routine implementation of dasatinib.®® Very recently, highly
promising results were obtained with chemotherapy-free
treatment regimens in adult BCR:ABLi-rearranged ALL.
These protocols, consisting of a TKI (usually ponatinib) plus
several courses of blinatumomab and inotuzumab,®® showed
low toxicity and excellent early relapse-free survival rates,
raising the potential that adult BCR:ABLi-rearranged
ALL could be a favorable subtype, and that similarly fa-
vorable results may be observed in childhood BCR::ABL1-ALL
(Table 2).

Ph-like ALL is more common than BCR::ABL1 ALL in children
(approximately 10%-15% v approximately 2%-3%) but has
a similarly poor outcome without the use of TKIs.*° Both
have a very high incidence of IKZF1 deletions, which further
worsens their poor outcome.®#%' Rexinoids®> and FAK
inhibitors?? ameliorate the biologic effects of IKZF1 alter-
ations, but have not been tested clinically. The Maxima/
DCOG group observed improved outcomes by prolonging
therapy with a third year.® Only one of eight BCR::ABL1-like
cases carry an ABL-class fusion (ABL1, ABL2, PDGFRB, CSF1R,
and very rare others) that can be targeted by the ABL TKIs.%*
This led to the addition of TKIs to chemotherapy in small
cohorts with encouraging results,®> as well as for laro-
trectinib for NTRK3-rearranged Ph-like ALL%¢ (Fig 3). The
efficacy of TKIs in ABL1-class Ph-like ALL is being tested in
the COG/EsPhALL Ph+ ALL, ALLtogether1, and St Jude Total
Therapy 17 protocols.
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In BCR::ABL1-like cases with mutations activating JAK-STAT
signaling, approved JAK inhibitors such as ruxolitinib are
less consistently effective than ABL1 inhibitors in ABL1-class
cases.”” Ruxolitinib is being evaluated by the COG
(ClinicalTrials.gov identifier: NCT02723994), but outcome
data are not yet available.

Specific therapy protocols have been developed for KMT2A-R
ALL.%%'°° Infants with low MRD at the end of induction have a
better outcome when treated with ALL-like consolidation
(course 1B), and those with high MRD benefit from AML-like
consolidation therapy (ADE-MAE courses).’* KMT2A-R ALL
carries a specific gene expression profile including over-
expression of wild-type FLT3. Limited efficacy was
observed of a FLT3 inhibitor (FLT3i) as a single agent in infant
KMT2A-R ALL.*> A randomized study adding FLT3i to che-
motherapy showed no overall benefit, but suggested a
benefit in a small subset identified by inhibition of phos-
phorylated FLT3 or by ex vivo sensitivity to the compound.’*
KMT2A-R ALL is mainly characterized by epigenetic abnor-
malities caused by the KMT2A fusion protein'** and shows
high sensitivity to demethylating agents and HDAC inhibitors
ex vivo.’*> However, a clinical trial with azacytidine in infant
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KMT2A-R ALL did not show promising results.'*® Recently,
precision medicine therapies have focused on components of
the KMT2A protein complex such as DOT1L and menin. The
clinical effect of DOT1L inhibitors was disappointing, but
recent phase I/II trials with menin inhibitors showed
promising early results,'*” leading to development of multiple
upcoming trials. Because of high BCL2 expression, venetoclax
has also been studied in KMT2A-R ALL.**® Venetoclax also
showed promising preclinical activity in TCF3::HLF rearranged
ALL*%9 and T-ALL (see below). Finally, because of the as-
sociation of low-hypodiploid ALL and TP53 mutations, TP53 is
an attractive therapeutic target, but this has not yet led to
clinical trials.

PRECISION MEDICINE IN T-ALL

Precision medicine is more difficult in T-ALL."° Nelarabine
is a DNA-terminating nucleoside prodrug that is metabo-
lized into arabinosylguanine nucleotide triphosphate and
preferentially accumulates in T lymphoblasts.™ It was highly
active in early-phase trials for r/r T-ALL but was also as-
sociated with significant and often severe neurotoxicity."*>
COG ALL0434 demonstrated that it could be added safely in
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TABLE 2. Precision Medicine and Immunotherapy

Target Subtype of ALL Precision Medicine/Immunotherapy

BCR:ABL1 Mainly B-lineage ALL ABL TKI such as imatinib, dasatinib, and ponatinib

ABL-class abnormalities: ABL7, ABL2, PDGFRB, Ph-like ALL with ABL-class abnormalities ABL TKI such as imatinib, dasatinib, and ponatinib
CSF1R

NTRK3 rearrangement Ph-like ALL Larotrectinib

JAK-STAT signaling Ph-like ALL JAK inhibitors such as ruxolitinib

FLT3 KMTZ2A-rearranged ALL

FLT3 inhibitors such as lestaurtinib and midostaurin

Epigenetic abnormalities KMTZ2A-rearranged ALL

Demethylating agents such as azacytidine; HDAC
inhibitors such as panobinostat

Components of the aberrant KMT2A complex such
as menin and DOT1L

KMT2A-rearranged ALL

Menin inhibitors, DOTTL inhibitors

BCL2 KMTZ2A-rearranged ALL, TCF3:HLF-rearranged Venetoclax
ALL, immature T-ALL
BCL-XL T-ALL Navitoclax

Purine nucleoside pathway

KMTZ2A rearranged ALL, T-ALL

Clofarabine in KMT2A-rearranged ALL, nelarabine in
T-ALL

Proteasome T-ALL Proteasome inhibitor such as bortezomib
LCK Mature T-ALL Dasatinib

CD19 B-lineage ALL Blinatumomab

CD19 B-lineage ALL CD19-directed CAR T cells

CD22 B-lineage ALL Inotuzumab

CD22 B-lineage ALL CD22-directed CAR T cells

CD7 T-ALL CD7-directed CAR T cells

CD38 T-ALL Daratumumab

Abbreviations: CAR, chimeric antigen receptor; TKI, tyrosine kinase inhibitors.

newly diagnosed T-ALL/lymphoma (T-LLy) and improved
outcome modestly, with a notable impact on CNS
relapses.’>'3 The COG also tested the proteasome inhibitor
bortezomib in T-ALL/T-LLy with complicated results but a
suggestion that bortezomib improved outcome in
T-lymphoblastic lymphoma.** Preclinical data have shown
alterations in BCL2 signaling pathways in T-ALL, with the
ETP subset showing BCL2 dependence and remaining non-
ETP cases dependent on BCL-XL."> These observations
prompted efforts to target these pathways with navitoclax
(BCL-XL) and/or venetoclax (BCL2). Promising results of an
early-phase clinical trial resulted in a trial of low-dose
navitoclax plus venetoclax in r/r pediatric B- and T-ALL
(ClinicalTrials.gov identifier: NCT05192889)."¢ Ex vivo drug
sensitivity studies showed that subsets of T-ALLs are very
sensitive to dasatinib, with LCK activation driving dasatinib
sensitivity associated with high BCL-XL and low BCL2
expression.’*®*7 These results raise the possibility of testing
subtype-specific targeted therapies in T-ALL (Table 2).

IMMUNOTHERAPY

Immunotherapy has revolutionized the landscape of B-ALL
therapy, showing very high remission rates in highly re-
fractory patients® and significantly less acute toxicity than
intensive chemotherapy. Three approaches have become
mainstays of treatment for r/r ALL and are now being tested
in newly diagnosed patients (Table 2).
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Blinatumomab is a bispecific T-cell engager genetically
engineered monoclonal antibody recognizing CD19,
expressed on the surface of essentially all B-ALLs, and CD3,
expressed on the surface of essentially all T cells. Dual binding
by blinatumomab brings cytotoxic T cells to CD19+ B cells,
enabling cell killing. Because blinatumomab has a short half-
life, it is administered by continuous infusion, typically for
28 days. The side-effect profile of blinatumomab is very
different from that of chemotherapy with little neutropenia
or mucositis, but some unique CNS toxicities, including
seizures and hallucinations, and occasional development of
cytokine release syndrome (CRS), usually in patients with
high disease burden. Blinatumomab was demonstrated to be
highly active in r/r adult and then pediatric B-ALL,"° leading
to testing in randomized trials for the first relapse of ALL in
North America and Europe. These showed that replacing one
to two cycles of intensive chemotherapy with blinatumomab
in children with high- and intermediate-risk relapsed ALL,
followed by HSCT, significantly improved outcomes with
this approach now considered to be standard of care.'2°*>!
The COG also showed that replacement of one cycle of
intensive chemotherapy with blinatumomab and addition
of two cycles later in therapy improved outcome for chil-
dren with lower-risk first relapse of B-ALL, but this benefit
was limited to those with bone marrow relapse, whereas
those with isolated CNS relapse fared poorly.*> A very re-
cent pilot study in KMT2A-R infant ALL showed that ad-
dition of blinatumomab to the Interfant-06 backbone
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significantly improved outcome.’>* Multiple cooperative
groups are now testing blinatumomab in newly diagnosed
ALL, with some adding the agent to backbone therapy and
others using it to replace components of chemotherapy.

Inotuzumab is an ADC composed of a monoclonal antibody
recognizing CD22, expressed on most B-ALLs, and the
chemotherapy agent calicheamicin. After binding to
surface CD22, inotuzumab is internalized and then cal-
icheamicin is released into the cell by the lysozyme. The
landmark INO-VATE trial showed that inotuzumab was
superior to intensive chemotherapy for adult r/r ALL.*>4
Phase I and II trials conducted by the COG and European
groups showed excellent activity in pediatric r/r ALL, with
remission rates over 50%, allowing many patients to
proceed to HSCT.'?>"*27 Inotuzumab is administered with
once a week intravenous 1-hour infusions for 3 weeks, and
is well tolerated in heavily pretreated patients. One
challenge is the potential for hepatic toxicity if given
relatively close to previous HSCT or proximate to subse-
quent HSCT. Most pediatric trials have used inotuzumab as
asingle agent, whereas current trials are combining it with
chemotherapy generally to replace other components
such as anthracyclines. Several groups (COG and ALLto-
gether) are now testing inotuzumab in patients with newly
diagnosed ALL.

The progress with antibody-based therapy is less in T-ALL.
The anti-CD38 monoclonal antibody daratumumab has
shown good efficacy in preclinical models of T-ALL and in
small clinical series of relapsed T-ALL.">$'>° Except for in-
fusion reactions, no significant side effects have been re-
ported. Studies on newly diagnosed T-ALL are planned.

Chimeric antigen receptor (CAR) T-cell therapy has re-
cently entered the mainstream. Development of highly
active (third-generation) CAR T cells required genetically
engineered constructs with an extracellular ScFv antibody
fragment that recognizes a cellular target such as CD19
with intracellular CD3zeta and costimulatory domains
(41BB or CD137) or CD28 that mediate cell expansion,
persistence and engagement, and cytotoxicity.>® CD19-
directed CAR T cells were shown to be highly active in
pediatric r/r ALL, with complete remission (CR) rates over
90% in heavily pretreated patients, most of whom failed
three or more lines of therapy and had relapsed after
HSCT.®3*"134 When treated with high disease burden, there is
a high risk of CRS, including severe fluid overload, hyp-
oxemia, and hypotension. Patients with severe CRS had
very high interleukin-6 levels, and tocilizumab, a mono-
clonal antibody that inhibits binding of IL-6 to the IL-6
receptor, was highly effective in treating CRS,"> which was
critical to the clinical development of CAR T cells.’3* The
CD19 CAR T-cell agent tisagenlecleucel was US Food and
Drug Administration approved in 2017 for children and
young adults with r/r ALL on the basis of the worldwide
ELIANA trial.’*> Subsequent real-world experience with
tisagenlecleucel in r/r pediatric ALL showed very similar
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results to this pivotal trial with CR rates about 85% (almost
all MRD-negative), event-free survival of 50%-55% at
12 months, and overall survival of about 75% at 12 months,
all dramatically better than any other therapy.3® CAR
T-cell therapy is also effective in CNS leukemia'37*3® and
other extramedullary sites,*° and its efficacy was shown in
high-risk leukemias including infant KMT2A-R ALL,4
although perhaps less in ALL with TP53 aberrations. CAR
T-cell therapy appears curative by itself in some cases,
with the longest-responding patient now 11 years post-
infusion without subsequent therapy and dozens of pa-
tients in CR 5+ years. However, about 50% of patients
relapse with either CD19+ disease (loss of CAR T-cell
persistence or activity) or CD19-negative disease (anti-
gen escape).'* Several factors predict the lack of response
and/or relapse'~>"'44: high disease burden, loss of MRD
response, early (within approximately 6 months) loss of
B-cell depletion, and low plasma levels of fludarabine as
part of the preinfusion lymphodepletion schedule.'4>"*45
Loss of B-cell aplasia is a surrogate marker of CAR ac-
tivity since CD19 CAR T cells also kill normal B cells. A
critical question is whether CAR T cells should be used as a
definitive therapy or as a bridge to HSCT.*4¢ The nature of
the CAR costimulatory domain (41BB v CD28) influences
persistence, and this may influence the decision for de-
finitive versus bridge therapy.

CAR T cells directed against CD22 have also been tested,*”
generally showing high activity but less persistence than
CD19-CARs, and there is great interest in testing dual tar-
geting of CD19 and CD22, either with bicistronic CAR con-
structs allowing CAR T cells to recognize both proteins, or
with mixtures of individual CD19- and CD22-targeted
CARs.*48

As there are no cell surface markers distinguishing normal
and malignant T cells, the development of CAR T cells against
T-ALL has the risk of CAR T-cell fratricide. However, several
strategies to overcome this risk have been developed, and the
first successful small studies with CAR T cells directed
against CD7 have been reported.'4'5°

Given the impressive activity in r/r ALL, there is great in-
terest in testing CAR T-cell therapy in earlier phases of
disease such as high-risk first relapse or very high-risk
newly diagnosed ALL.

In conclusion, in the past two decades, the use of MRD
significantly improved stratification with subsequent
treatment reductions or intensifications that improved
outcome. More recently, molecular genetic profiling led to
the discovery of many new genetic subclasses, which has
increased our understanding of the biological basis of ALL,
improved risk classification, and enabled refinement of
precision medicine regimens. Very recently, immunother-
apeutic approaches, including bispecific antibodies, ADC,
and cellular therapies, led to more effective and less-toxic
therapies replacing intensive chemotherapy courses and
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HSCT in relapsed ALL and are now being tested in newly
diagnosed patients.

It has taken 50-60 years to increase the cure rate in
childhood ALL from 0% to 90% by stepwise improvements
in chemotherapy. The developments described herein have
been developed over the past 10-15 years and will very likely
direct efforts to cure those children with ALL who are not

cured today, and improve the quality of life for survivors who
should have decades of life ahead. The results discussed here
are limited to countries that have next-generation se-
quencing assays and targeted treatment options at their
disposal. Achieving cure that is truly universal will require
development of cost-effective mechanisms to make these
new technologies and therapies available to children with
ALL worldwide.
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