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Myelodysplastic and myeloproliferative disorders
of childhood
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Myelodysplastic syndrome (MDS) and myeloproliferative disorders are rare in children; they are divided into low-grade
MDS (refractory cytopenia of childhood [RCC]), advanced MDS (refractory anemia with excess blasts in transformation),
and juvenile myelomonocytic leukemia (JMML), each with different characteristics and management strategies. Un-
derlying genetic predisposition is recognized in an increasing number of patients. Germ line GATA2 mutation is found in
70% of adolescents with MDS and monosomy 7. It is challenging to distinguish RCC from aplastic anemia, inherited bone
marrow failure, and reactive conditions. RCC is often hypoplastic and may respond to immunosuppressive therapy. In
case of immunosuppressive therapy failure, hypercellular RCC, or RCC with monosomy 7, hematopoietic stem cell
transplantation (HSCT) using reduced-intensity conditioning regimens is indicated. Almost all patients with refractory
anemia with excess blasts are candidates for HSCT; children age 12 years or older have a higher risk of treatment-
related death, and the conditioning regimens should be adjusted accordingly. Unraveling the genetics of JMML has
demonstrated that JMML in patients with germ line PTPN11 and CBL mutations often regresses spontaneously, and
therapy is seldom indicated. Conversely, patients with JMML and neurofibromatosis type 1, somatic PTPN11, KRAS, and
most of those with NRAS mutations have a rapidly progressive disease, and early HSCT is indicated. The risk of relapse
after HSCT is high, and prophylaxis for graft-versus-host disease and monitoring should be adapted to this risk.

Low-grade MDS

MDS with less than 2% blasts in peripheral blood (PB) or less than
5% blasts in the bone marrow (BM) are classified as refractory
cytopenia of childhood (RCC) or low-grade MDS."? The majority of
the children with RCC have a hypoplastic BM, which resembles
aplastic anemia. Experienced hematopathologists can differentiate
RCC from aplastic anemia with a high degree of interobserver
reproducibility.®

Learning Objectives

¢ To recognize the challenges in making a diagnosis of MDS in
children

e To know the different therapeutic strategies in low-grade and
advanced MDS

e To understand the genetics of JMML and how it may be used
for treatment stratification

Myelodysplastic and myeloproliferative disorders are rare in children and
have different morphologic features, cytogenetic findings, prognostic
factors, and therapeutic aims than in adults. Therefore, there is a need for
a pediatric approach to the classification of these disorders’ as integrated in
the 2008 version of the World Health Organization classification® that
recognizes the specific features of diseases in children vs those in adults
(Table 1).

Advanced MDS

MDS with =2% blasts in PB or =5% but below 20% blasts in the
BM are classified as refractory anemia with excess of blasts
(RAEB)."? The subgroup RAEB in transformation (RAEB-T) with
PB or BM having 20% to 29% blasts was kept in the pediatric
classification but it should be emphasized that the blast count is not
sufficient for differentiating acute myeloblastic leukemia (AML)
from MDS. Diagnostics must include a comprehensive assessment of
clinical features, progression rate, morphology, immunophenotype,
and cytogenetics.
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The diseases are divided into low-grade myelodysplastic syndrome
(MDS), advanced MDS, and juvenile myelomonocytic leukemia
(JMML). The myeloid leukemia of Down syndrome represents
a specific entity that should not be included in series of MDSs

and will not be discussed in this review. There is an increasing
recognition that more children have an underlying genetic pre-
disposition for the development of MDS or JMML. For a more
thorough overview, the reader is referred to several reviews published
recently.>”

Disease in patients with a blast count above the 30% (or 20%, as
suggested by the World Health Organization) threshold is con-
ventionally defined as AML; however, patients who progress from
MDS may retain the biological characteristics of MDS and may be
classified as MDS-related AML (MDR-AML).
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Table 1. Characteristics of MDS in children and adults

Characteristic Children Adults
Annual incidence per million 1-2 40
Associated abnormalities 1/3 <5%

Morphologic groups
Refractory anemia with ringed <2% 25%
sideroblasts

Hypoplastic MDS Common Rare
Abnormal cytogenetics 60% 40%
—7/del(7q) 30%-40% 10%
—5/del(5q) 1%-2% 20%
Hypermethylation >50% >50%
Spliceosomal gene aberration <2% Common
Aim of treatment Curative Palliative

Primary vs secondary MDS

MDS often arises in a previously healthy child and is conformingly
called de novo or primary, or MDS may develop in a child with
a known predisposing condition and is then referred to as secondary.
Patients with inherited BM failure disorders who have received
chemotherapy or irradiation or after acquired aplastic anemia are at
risk of secondary MDS. Children with so-called primary MDS may
have an underlying yet unknown genetic defect predisposing them to
MDS at a young age. Therefore, the distinction between primary and
secondary disease may become arbitrary.

GATA2 mutations

GATA?2 germ line mutation has been identified as the cause of a wide
spectrum of diseases, including monocytopenia, congenital deafness,
lymphedema (MonoMAC or Emberger syndrome),” or cytopenia
complicated by systemic infections and an increased risk of de-
veloping MDS or AML.'® A study of more than 600 children and
adolescents with MDS enrolled in the European Working Group of
Myelodysplastic Syndromes in Childhood studies identified 57
patients with germ line GATA2 mutations.'' Germ line GATA2
mutations were found in 15% of advanced and 7% of all patients with
primary MDS but were absent in MDS secondary to therapy or
acquired aplastic anemia. Mutation carriers were older (age 12 vs 10
years; no child with GATA2 mutation was younger than age 4 years)
at diagnosis and were more likely to present with monosomy 7 (70%
vs 11%) and advanced disease (46% vs 18%) as compared with wild-
type patients. GATA2 mutation was very common among patients
with monosomy 7 (37% in patients of all ages) peaking in adoles-
cence (72% of all monosomy 7 patients). Unexpectedly, monocytosis
was more frequent in GATA2-mutated patients and was associated with
monosomy 7; mutational status had no effect on the hematologic
phenotype. The overall survival and the outcome from hematopoietic
stem cell transplantation (HSCT) performed in 50 GATA2-mutated
patients was independent of genotype status.'! This study shows that
GATA2 deficiency is the most common germ line predisposition for
pediatric MDS with very high prevalence in adolescents with monosomy
7. GATA2 mutations do not confer poor prognosis in childhood MDS.
However, the high risk for progression to advanced disease might guide
decision-making toward timely HSCT thus avoiding noncurative
immunosuppressive therapies (ISTs). The ideal time point for HSCT in
GATA? disease seems to be during the hypocellular phase of MDS and
before manifestation of severe complications (ie, invasive infections),
underscoring the need for close monitoring.'""'* Studies of GATA2
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highlight the contribution of de novo germ line mutations with
delayed-latency oncogenic effect in what has so far been consid-
ered primary MDS.

Inherited BM failure

Children with inherited BM failure syndromes have an increased but
variable risk of MDS or AML. The risk is highest in Fanconi anemia,
dyskeratosis congenita, and severe congenital neutropenia (SCN).
Myeloid neoplasia develops in a large fraction of patients with
Fanconi anemia during childhood or early adult life. The risk varies
according to genetic subgroup and associated abnormalities.'® The
traits of Fanconi anemia may not be recognized, and the diagnosis
should always be considered, even in adults.

The cumulated risk of MDS in SCN is 15% after 15 years, according to
the International SCN Register.'* There is no direct cause-and-effect
relationship between the occurrence of MDS and therapy with
granulocyte colony-stimulating factor, but the highest risk of MDS is
seen in patients with a poor response to granulocyte colony-stimulating
factor.

MDS develops in 30% of those with Shwachman-Diamond syn-
drome and is often associated with chromosome 7 abnormalities in
which isochromosome 7q is common and may be transient and not
associated with progression.'>

Pathophysiology

MDS is a clonal disease arising in a progenitor cell restricted to
myelopoiesis, erythropoiesis, and megakaryopoiesis. The initiating
events of MDS have remained obscure in children and in adults until
now. Recent studies have greatly illuminated the genomic landscape of
MBDS and adults. The most common mutations found in MDS in adults
occur in genes involved in RNA splicing (eg, SF3BI, SRSF2, U2AF1,
and ZRSR2) and epigenetic modification (eg, TET2, ASXLI, and
DNMT3A). The genomic landscape seems very different in children in
whom identification of mutations in TET2 is very rare'® and in whom
spliceosome mutations are very uncommon.'’

Because of the heterogeneity of MDS, different mechanisms of initiation
and progression of the disease are likely to exist. Genetic damage in
a pluripotent hematopoietic progenitor cell may give rise to genetic
instability with subsequent acquisition of numerous molecular abnor-
malities. About 30% of children with MDS have a known constitutional
disorder. The recent finding that GATA2 mutation is present in a large
proportion of childhood MDS may lead to speculations that an
even higher proportion of the children have an inherited abnormality
predisposing them to the acquisition of genetic changes. Subsequent
events, such as mutations in proto-oncogenes like RAS, TP53, or WT1,
and karyotypic changes such as monosomy 7 may be part of a final
common pathway of disease progression. Methylation studies in chil-
dren with RAEB or RAEB-T have demonstrated that at least half the
patients had hypermethylation of the p/5 gene or CALCA and CDKN2B
genes,'® a frequency similar to that in adult MDS.

Clinical and laboratory features

The presenting features in virtually all cases of MDS are those of
pancytopenia. Single-lineage cytopenia or macrocytosis may occa-
sionally be the presenting characteristic. In a few patients, the
cytopenia is an incidental finding during a routine workup. A few
patients have been diagnosed during evaluation as possible sibling
stem cell donors. Fetal hemoglobin (HbF) is frequently moderately
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elevated whereas white blood cell (WBC) count is low to normal.
Leukocytosis is generally not a feature of MDS, and in the case of
increased WBC count, the diagnosis should be reconsidered. Some
patients present with moderate hepatosplenomegaly but most have
no organomegaly.

BM findings

The BM may be hypo-, normo-, or hypercellular. Decreased cell
content is more common in children compared with adults. Both the PB
and BM display characteristic dysplastic features with macrocytic
erythropoiesis, small or unusually large megakaryocytes, and
dysgranulopoiesis.® The presence of the characteristic dysplastic fea-
tures is suggestive of MDS but is not diagnostic. There is interobserver
variation in the evaluation of dysplasia, so centralized review is rec-
ommended and it may increase diagnostic accuracy.® Children who
meet the criteria for refractory cytopenia with multilineage dysplasia
should be considered as having RCC until the prognostic significance
of a multilineage dysplasia is clarified.*¢

Cytogenetics

An abnormal karyotype is found in 55% of children with advanced
primary MDS and in 76% with secondary advanced MDS.'® Mono-
somy 7 is the most common cytogenetic abnormality in childhood
MDS and is seen in 25% of the patients.'® Acquired trisomy 8 and
trisomy 21 are the most common numerical abnormalities after
monosomy 7. Constitutional 8§ mosaicism may be clinically silent and
should be tested for when trisomy 8 is found in the BM.*

Monosomy 7 is a poor prognostic factor for adults with MDS. The
outcome for children with monosomy 7 is similar to that of other
children with MDS but very poor for the few with monosomy 7
combined with structural abnormalities.'® Favorable cytogenetic
aberrations identified in adults [ie, —Y, del(20q), and del(5q)] are so
infrequent in children that their prognostic importance cannot be
evaluated. Structural complex abnormalities defined as =3 chro-
mosomal aberrations including at least 1 structural aberration are
associated with a very poor outcome.'®

Separating MDS from AML

There are significant differences in clinical features, cytogenetics,
and response to therapy between MDS and AML, the major dif-
ferential diagnosis of advanced MDS. There are fundamental bio-
logical differences between MDS and AML. The morphologically
based classification is only a surrogate marker for the distinction
between biological entities, and the blast count in a single specimen
is insufficient for differentiating MDS from AML.” Biological
features rather than any arbitrary cutoff in blast count may be more
important in distinguishing MDS from AML.

In borderline cases with BM blasts of 20% to 30% and with no
cytogenetic clues regarding the diagnosis, it is recommended to
repeat the BM examination after 2 weeks. If the blast count has
increased to more than 30%, the diagnosis should be regarded
as AML. Significant organomegaly and especially increased
WBC counts are suggestive of AML. Most children with my-
eloid malignancies have clear-cut AML, some have MDS with
low blast count, and only a few have borderline features. The
major diagnostic pitfall is possibly undue haste in starting
therapy. Figure 1 shows the relative distribution of AML and
MDS and illustrates that AML may be diagnosed at any blast
level.
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Figure 1. Blast count and relative distribution of AML and MDS illustrates
that AML can be diagnosed at any blast level. Adapted from Hasle and
Niemeyer.”

Treatment of low-grade MDS

IST with anti-thymocyte globulin (ATG) and cyclosporine in chil-
dren with hypocellular RCC and karyotypes other than monosomy 7
or in those with 3 or more chromosomal abnormalities resulted in
a complete or partial response in 75% after 6 months. The failure-free
survival at 3 years was only 57%, but because of a high salvage rate
with HSCT, the overall survival was 88%.”'

A comparison of responses after IST with horse ATG (lymphoglobulin)
and rabbit ATG (thymoglobulin) shows a superior overall response at
6 months for horse ATG (74% vs 53%), which translates into superior
transplantation-free and failure-free survival. > The presence of a minor
paroxysmal nocturnal hemoglobinuria clone predicts a more favorable
response to IST than that for patients with a paroxysmal nocturnal
hemoglobinuria clone <0.1%.%

With the improved outcomes currently seen in unrelated donor
HSCT in pediatric RCC, it is unclear whether newly diagnosed
children who lack a matched sibling donor should receive IST with
horse ATG or proceed directly to transplantation from an unrelated
donor. With the disappointing results seen after treatment with rabbit
ATG, there has been a move toward first-line matched unrelated
donor HSCT. Compared with IST, transplantation offers a more
complete restoration of hematopoiesis and lower relapse rates. The
major potential drawbacks of first-line matched unrelated donor
transplantation are the difficulties in finding donors, time from di-
agnosis to HSCT, graft-versus-host disease (GVHD) or graft rejec-
tion, and treatment-related mortality.24 Given the low risk of relapse,
HSCT with reduced-intensity conditioning may be an attractive
alternative.?

Treatment of advanced MDS

MDS is a clonal early stem cell disorder with limited residual
nonclonal stem cells. Myeloablative therapy is therefore the only
realistic treatment option with a curative potential. Therapy strategies
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such as hematopoietic growth factors, differentiating agents, anti-
angiogenic drugs, low-dose cytotoxic drugs, or experimental agents
have been investigated in adults and elderly patients who are not
candidates for HSCT. None of these approaches have been docu-
mented to prolong survival, and they are generally not indicated in
children and adolescents in whom the aim of treatment is cure.
Children with MDS are at high risk of cytopenia-related compli-
cations, and optimal supportive care should be the primary focus
during all phases of the disease.

The DNA methyltransferase inhibitors azacitidine and decitabine
have shown clinical efficacy in randomized studies in high-risk MDS
in adults. Azacitidine increased overall survival compared with
conventional care.’® Preliminary data from pediatric MDS show
stable disease or response in 50% of the patients and thus these
treatments may be a bridge to HSCT.?’

AML-type chemotherapy

Conventional AML-type intensive chemotherapy without HSCT is
unlikely to eradicate the primitive pluripotent cells involved in MDS,
which renders the therapy noncurative in most patients. Induction
chemotherapy results in complete remission of less than 60% and
overall survival of less than 30%.” Patients with advanced MDS
(MDR-AML) who have more than 30% blasts may benefit from
intensive chemotherapy before HSCT.*®

HSCT

HSCT is the therapy of choice for virtually all forms of advanced
MDS in childhood with the best available donor. Myeloablative
therapy with busulfan, cyclophosphamide, and melphalan has
cured more than half of children with MDS after both matched
family donor and matched unrelated donor HSCT.?® Total body
irradiation can generally be omitted because it has no superior
antileukemic efficacy and is associated with more long-term
adverse effects in children. Outcome after HSCT is similar in
patients with RAEB or RAEB-T but significantly lower in patients
with MDR-AML (Figure 2).%® Patients age 12 years or older have
an increased risk of treatment-related mortality; thus, a condi-
tioning regimen with thiotepa, treosulfan, and fludarabine is
recommended.

Whether AML-type induction chemotherapy before HSCT for
advanced MDS can reduce relapse and improve outcome is
controversial. Small series of patients who have received trans-
plants as first-line therapy, which spares them from toxicity re-
lated to induction chemotherapy, have shown survival of 65% to
70%, similar to that of patients receiving chemotherapy before
HSCT.”

The experience within the European Working Group of Myelo-
dysplastic Syndromes in Childhood of using intensive chemotherapy
before HSCT did not show any difference in event-free or overall
survival, relapse, or treatment-related mortality; however, children
with MDR-AML had a significantly decreased risk of relapse if they
had received prior intensive chemotherapy.”®

Relapse after HSCT is associated with a very grave outcome.
Successful withdrawal of immunosuppressive therapy and donor
leukocyte infusions in early relapse have occasionally been reported.
Close monitoring of chimerism status after HSCT may allow ini-
tiation of pre-emptive immunotherapy. Second HSCT for relapse or
graft failure after HSCT has shown survival rates of 50%.%°
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Figure 2. Probability of 5-year overall survival in advanced MDS
according to subgroup. Adapted from Strahm et al.?®
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JMML

JMML is a unique pediatric disorder, different from chronic mye-
lomonocytic leukemia in adults. For a detailed description of JIMML,
recently published reviews are available.”® The incidence of JMML
is close to 1 per million children per year.*® The median age at
presentation is 1.8 years, 35% are younger than age 1 year at pre-
sentation, and only 4% are older than age 5 years. JMML has a male
predominance with a male:female ratio of 2:1.%!

Clinical and laboratory features

Patients present with pallor, fever, infection, bleeding, or symptoms
from organomegaly. Hepato- or splenomegaly, lymphadenopathy, or
skin rash may be the first signs of JIMML. Elevated WBC count with
absolute monocytosis, anemia, and thrombocytopenia are almost
universal. WBC count at presentation exceeds 50 X 10%/L in 30%
and is above 100 X 10°/L in 7% of patients. Blood film appearance is
characteristic and often more helpful in diagnosing than BM mor-
phology in which monocytosis is often much more discrete.

Increased HbF for age is a main characteristic of JMML with the
notable exception of those with monosomy 7, almost all of whom
have normal HbF. A macular-papular skin rash is seen in 35% of the
patients. Monosomy 7 (mostly as the sole abnormality) is present in
25% to 30% of patients with JMML, 10% have other cytogenetic
aberrations, and 60% show a normal karyotype.>!

Differential diagnoses

JMML may mimic infections and immunodeficiency, so delays
in making the correct diagnosis are common. Conversely, infec-
tions, inborn errors of metabolism, and immunodeficiency may cause
monocytosis and organomegaly thus representing diagnostic pit-
falls. A diagnosis of JMML, especially in infants, should be
made with caution.*® A period of observation is recommended for
patients without clear-cut features or confirmatory molecu-
lar genetics. Viral infections such as Epstein-Barr virus, cyto-
megalovirus, herpesvirus 6, and parvovirus may mimic JMML.
And various types of immunodeficiency—Wiskott-Aldrich syn-
drome, leukocyte adhesion defect, and osteopetrosis—may mimic
JMML.** The international consensus on current diagnostic criteria
for JIMML includes molecular genetics as a mandatory part of the
workup (Table 2).°

601

#20z dunr g0 uo 3sanb Aq Jpd'9e€880WAU/6ETSZ L/86S/ /9L 0Z/Pd-alonIe/ABojojeway/eu suoledlgndyse//:dny woly papeojumoq



Table 2. Diagnostic criteria of JMML

l. Clinical and hematologic features (all 4 features mandatory)
Peripheral blood monocyte count > 1 X 10°/L

Blast percentage in peripheral blood and bone marrow <20%
Splenomegaly (not always apparent at diagnosis)

Absence of Philadelphia chromosome (BCR/ABL rearrangement)

Il. Oncogenetic studies (1 finding is sufficient)

Somatic mutation in PTPN11, KRAS, or NRAS

Clinical diagnosis of NF1 or germ line NF1 mutation

Germ line CBL mutation and loss of heterozygosity of CBL

lll. For patients with the clinical and hematologic features under (1) but
without an oncogenetic criterion (10%), at least 2 of the following
criteria must be fulfilled:

Monosomy 7 or any other chromosomal abnormality

HbF increased for age

Myeloid precursors in peripheral blood

Spontaneous growth or granulocyte-macrophage colony-stimulating

factor hypersensitivity in colony assay

Hyperphosphorylation of STAT5

Noonan syndrome

Infants with Noonan syndrome (NS) may show a JMML-like my-
eloproliferative disorder (NS/MPD) with spontaneous regression
(Table 2). NS/MPD is diagnosed during the first few months of life,
often during the first weeks in contrast to the median age of 1.8 years
for diagnosis of non-NS JMML. In the majority of patients, the
hematologic abnormalities gradually resolve, but normalization may
take several months or even years; this is especially true for the
monocytosis and splenomegaly, which may persist for several years.

NS/MPD has striking parallels with the transient leukemia/transient
abnormal myelopoiesis of newborns with Down syndrome. Unlike
the GATA mutation in transient abnormal myelopoiesis, NS/MPD
has no somatic molecular marker, and there is no documented ef-
fective therapy in patients with NS with an aggressive course.

After the identification of PTPNI germ line mutation in 50% of patients
with NS, studies in non-NS JMML showed somatic PTPN11 mutations
in 35%.>* The PTPN11 mutations found in JMML have a stronger SHP-
2 activation than the mutations in NS, whereas the mutations in NS/
MPD have an intermediate gain of function effect.® It is presumed that
the strong activation resulting from the PTPNI] mutation in JMML is
incompatible with life when occurring as a germ line mutation.

Molecular genetics

JMML is a clonal disorder that arises from a pluripotent stem cell.
The mononuclear cells of PB and BM showed spontaneous pro-
liferation when cultured in semisolid systems, and granulocyte-
macrophage colony-stimulating factor hypersensitivity provided
clues to the diagnosis, but it has been replaced by molecular
studies. The granulocyte-macrophage colony-stimulating factor sig-
nal transduction pathway plays a major role in the pathogenesis
of JMML, and mutations are found in the Ras signal transduction
pathway downstream of the receptor in about 90% of patients
(Figure 3); thus, JMML belongs to the group of diseases called
RASopathies. Members of the Ras family of signaling proteins
regulate cellular proliferation by cycling between an active guano-
sine triphosphate (GTP) —bound state (Ras-GTP) and an inactive
guanosine diphosphate (Ras-GDP) —bound state. Ras activation is
a crucial component of the proliferative response to growth factors.

602

Point mutations in NRAS or KRAS that cause high constitutive
Ras-GTP levels are noted in 25% of patients (Figure 3).

Children with neurofibromatosis type 1 (NF1) have an increased risk
of malignant myeloid disorders, especially JMML. About 15% of
children with JIMML carry the clinical diagnosis of NF1.”' The NFI
gene functions as a tumor-suppressor gene, and loss of the normal
NF1 allele occurs in the leukemic cells of NF1 patients. As expected,
leukemic cells showed an elevated percentage of Ras in the GTP-
bound state (Figure 3). NF and Ras mutations have been considered
mutually exclusive, indicating that one abnormality is sufficient to
activate Ras; however, the presence of a network of mutations in
a large fraction of IMML patients has challenged the concept.*® In
patients who have NF1 along with JMML and who are slightly older
than others who have JMML, the clinical features of NF1 are often
obvious, and genetic testing for NF1 is not necessary for JMML
diagnostics.

CBL mutations are the genetic subset of JMML most recently de-
scribed and found in 40% of those without NF1, RAS, or PTPNII
mutations, corresponding to 10% to 15% of patients with JMML
overall. CBL mutations are mostly autosomal dominant germ line
events, and patients with CBL mutations and JMML frequently
display loss of heterozygosity for the CBL locus in the leukemic
cells. Children with CBL mutations may be at risk for vascular
disease later in life and some may show developmental delays.>’

Natural course and prognostic factors. The natural course of
JMML is highly dependent on the underlying genetic abnormalities.
Patients with germ line CBL and PTPNI1 (NS) and some patients
with somatic NRAS mutations have a slowly progressive disease that
in most cases shows spontaneous remission. In contrast, patients with
NF1, somatic PTPN11, KRAS, and most with NRAS mutations have
JMML, which is rapidly fatal if left untreated. Low platelet count
(<33 X 10°L), age older than 4 years, and high HbF (>15%) are
strongly predictive of poor survival in multivariate analysis. Blastic
transformation is infrequent, and most untreated patients die as
a result of organ failure from infiltration of the leukemic cells. The
most common cytogenetic aberration, monosomy 7, has in most
series not been associated with outcome. The number of recurrent
somatic mutations in genes involved in signal transduction, splicing,
Polycomb repressive complex 2, and transcription at diagnosis seem
to be the major determinants of outcome.*® Hypermethylation, gene
expression profile, and mutation of SETBP] all add significant prog-
nostic information.*®3°

Treatment. Intensive chemotherapy is mostly unsuccessful in
JMML because of an increased risk of treatment-related death, a low

)

Ras pathway mutations in JMML

\' Somatic
T NRAS or KRAS 25%
@ I PTPN11/SHP-2 35%

Germiine

Neurofibromin (NF1) 15%
CBL 10-15%
PTPN11/SHP-2 2-5%

Figure 3. Aberrations in the Ras signaling pathway that lead to excessive
proliferation.
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Table 3. Characteristics of JMML-like NS/MPD in children

Characteristic JMML-like JMML

NS status NS No NS

Age at onset <2 mo Median, 1.8 y

Leukocytosis Present Present

Monocytosis Present Present

Hepatosplenomegaly Present Present

Myelopoiesis Polyclonal Clonal

Cytogenetics Normal Abnormal in 35%

PTPN11 mutation 90% (germ line)  35% (somatic)

Most common substitution  T73lI E76K

Biological effect Moderate gain of Strong gain of function
function

Outcome Spontaneous Fatal without

regression transplantation

rate of true remissions, and long-term survival less than 10%. Low-
dose chemotherapy with 6-mercaptopurine alone or combined with
cytarabine may be indicated in patients with complications from
hyperleukocytosis, organomegaly, or pulmonary infiltrates and may
show some effective responses.*’

Demethylating therapy with azacitidine in a retrospective series of
12 patients showed partial response in 50%.*' The potential benefit of
azacitidine is being tested prospectively. The identification of JAK3
mutation in about 5% of patients with JMML?® raises the possibility of
therapy with inhibitors for the subset of patients with these mutations.

Evaluating the efficacy of IMML therapy is difficult and had not been
standardized until the recent publication of uniform criteria of re-
sponse, including WBC count, platelet count, precursors and blasts
in PB, BM blast percentage, spleen size, and extramedullary dis-
ease.*> The complex response evaluation helps describe the het-
erogeneous picture of response to therapy.

Allogeneic HSCT is the only curative approach for JMML in patients
with NF1, somatic PTPN11, KRAS, and most with NRAS. The overall
survival with a conditioning regimen of busulfan, cyclophosphamide,
and melphalan in a cohort of 100 patients was 64%.** Conditioning with
total body irradiation should be avoided because of a poorer antileu-
kemic effect and a higher risk of late effects. The risk of relapse is high
after using family or unrelated donor HSCT or cord blood trans-
plantation. Younger age at HSCT, male sex, low HbF, and low blast
percentage in BM predict for improved survival, whereas spleen size and
monosomy 7 are not prognostic.*® Disease recurrence remains the major
cause of treatment failure. Reduced intensity and duration of GvHD
prophylaxis may significantly contribute to successful leukemia control,
and both acute and chronic GVHD are associated with a lower risk of
relapse.*® Because of the high risk of relapse and the impact of graft-
versus-leukemia disease, it is recommended to give low-intensity GVHD
prophylaxis that should be discontinued 60 to 90 days after HSCT. An
exception may be patients with KRAS mutations who have a low risk of
relapse; for them, a high-intensity GvHD prophylaxis is indicated.’

Relapse occurs in up to 40% of patients and often at a median of only 2
to 4 months from HSCT. Early detection of donor cells by increasing
mixed chimerism may be successfully eradicated by discontinuing
ongoing IST. Donor lymphocyte infusion in JMML relapse is largely
unsuccessful. If there is no response to withdrawal of IST, a second
transplantation with the same or an alternative donor should be offered
as soon as possible and may cure about one-third of the patients.’
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Conclusion and future directions

MDS in children is a heterogeneous disease, which should be reflected in
the management of the patients. The increasing knowledge of germ line
and somatic genetic aberrations may help us better understand the
disease and refine recommendations for management.

The prognosis of JIMML is strongly associated with genetic mutations.
HSCT is the treatment of choice for most patients, but for some patients
a watch-and-wait strategy is recommended. Further studies may identify
targets for potential therapy for this subgroup of patients.
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