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Abstract: Juvenile myelomonocytic leukemia (JMML) is a rare pediatric myelodysplastic/myeloproliferative neo-
plasm overlap disease. JMML is associated with mutations in the RAS pathway genes resulting in the myeloid
progenitors being sensitive to granulocyte monocyte colony-stimulating factor (GM-CSF). Karyotype abnormalities
and additional epigenetic alterations can also be found in JMML. Neurofibromatosis and Noonan’s syndrome have a
predisposition for JMML. In a few patients, the RAS genes (NRAS, KRAS, and PTPN11) are mutated at the germline
and this usually results in a transient myeloproliferative disorder with a good prognosis. JMML with somatic RAS
mutation behaves aggressively. JMML presents with cytopenias and leukemic infiltration into organs. The laboratory
findings include hyperleukocytosis, monocytosis, increased hemoglobin-F levels, and circulating myeloid precursors.
The blast cells in the peripheral blood/bone-marrow aspirate are less than 20% and the absence of the BCR-ABL
translocation helps to differentiate from chronic myeloid leukemia. JMML should be differentiated from immunodefi-
ciencies, viral infections, intrauterine infections, hemophagolymphohistiocytosis, other myeloproliferative disorders,
and leukemias. Chemotherapy is employed as a bridge to HSCT, except in few with less aggressive disease, in which
chemotherapy alone can result in long term remission. Azacitidine has shown promise as a single agent to stabilize
the disease. The prognosis of JMML is poor with about 50% of patients surviving after an allogeneic hematopoietic
stem cell transplant (HSCT). Allogeneic HSCT is the only known cure for JMML to date. Myeloablative conditioning
is most commonly used with graft versus host disease (GVHD) prophylaxis tailored to the aggressiveness of the
disease. Relapses are common even after HSCT and a second HSCT can salvage a third of these patients. Novel
options in the treatment of JMML e.g., hypomethylating agents, MEK inhibitors, JAK inhibitors, tyrosine kinase inhibi-
tors, etc. are being explored.
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Introduction

Juvenile myelomonocytic leukemia (JMML) is a
myelodysplastic (MDS)/myeloproliferative neo-
plasm (MPN) overlap syndrome of the pediatric
age group characterized by sustained, abnor-
mal, and excessive production of myeloid pro-
genitors and monocytes, aggressive clinical
course, and poor outcomes. Unlike acute leuke-
mias, there is no maturation arrest in myeloid
differentiation; hence the number of blasts in
the peripheral blood (PB) or bone marrow (BM)
may be low even in the presence of a high total
leukocyte count (TLC). The differentiation path-
way is shunted towards the monocytic differen-

tiation and the progenitor colonies of JMML
cells show a spectrum of differentiation, includ-
ing blasts, pro-monocytes, monocytes, and
macrophages [1]. The progenitor cells in JMML
show high sensitivity to G-CSF in-vitro. The over-
production of the myeloid lineage cells leads to
a suppression of other cell lines; consequently,
these patients can present with anemia and
thrombocytopenia [2]. JMML presents in infants
and toddlers and it must be differentiated from
other disorders that can have a similar presen-
tation in this age group. JMML is very rare and
the diagnosis is often difficult to establish. The
criteria for the diagnosis of JMML have been
recently updated in 2016 [3]. Recent research
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has shown that some of the genetic variants of
JMML may do well without chemotherapy or
with minimal chemotherapy, although the ma-
jority of patients need a hematopoietic stem
cell transplant (HSCT) to achieve cure. Further,
the role of azacitidine, a hypomethylating agent
has shown promise as a single agent in the pre-
HSCT management of JMML [4]. Lately, a lot of
agents targeting the molecular pathways are
being explored as treatment options for JMML.
In view of the recent developments, this stu-
dy was done to review comprehensively the
etiopathogenesis, diagnosis, and management
options for JMML.

Epidemiology

JMML accounts for 1% of all pediatric leuke-
mias, with an incidence of about 1.2 cases per
million persons/year. The median age at which
it is diagnosed is two years and a male pre-
dominance is seen (male: female = 2.5). About
three-fourths of cases are diagnosed before 3
years of age and by 6 years, 95% of cases are
detected. JMML is the commonest subtype in
children, accounting for 20-40% of pediatric
MDS/MPN [1, 2, 5-71.

Etiopathogenesis of JMML in the context of
the genomic and cytogenetic profile

Inherited diseases predisposing patients to
JMML

Neurofibromatosis type-1 (NF-1) and Noonan
syndrome (NS) are known to be predisposing
clinical conditions for JMML.

NF-1 has an autosomal dominant inheritance
and affects 1/2000-1/4500 individuals. Pa-
tients of NF-1 have symptoms such as cafe-au-
lait macules, neurofibromas, axillary or inguinal
freckling, lisch nodules, optic glioma, and osse-
ous lesions [8]. The incidence of JMML with
NF-1 is increased by more than 200 times [9].
The cafe-au-lait macules in NF-1 appear by the
age of one year, hence establishing the diagno-
sis of NF-1 in infants with JMML may be difficult.
Rarely JMML can be the first presentation of
NF-1.

Noonan syndrome (NS) is a genetic disease
characterized by facial dysmorphism, growth
delay, and heart disease. Children with NS

develop JMML-like myeloproliferative disorders
(NS/JMML) occasionally, which usually occurs
at young ages and has a tendency to regress
spontaneously [10]. Recently studies have de-
monstrated germline mutations in the RAS
pathway genesi.e. proteintyrosine phosphatase
non-receptor type 11 (PTPN11) in 50%, son of
sevenless (SOS)-1 in 10%, Kirsten rat sarcoma
(KRAS) in <5%, and rapidly accelerated fibro-
sarcoma (RAF) in <5% in NS [11-15].

Molecular pathogenesis: RAS signalling path-
way

The progenitor cells in JMML show hypersensi-
tivity to granulocyte-macrophage colony-stimu-
lating factor (GM-CSF), because of the dysregu-
lated activation of the RAS signaling pathway
[16].

JMML involves cells of multiple lineages,
although the predominant findings relate to
granulocytic monocytic lineage. The presence
of thrombocytopenia and high hemoglobin F
(HbF) values in JMML suggests that thrombo-
poiesis and erythrocytic lineages are also
affected. JMML may transform occasionally
into acute lymphoblastic leukemia. These
points support the hypothesis that JMML is a
disease of the progenitor cells [17]. The muta-
tional profile in JMML has been studied exten-
sively, but uncertainty still prevails regarding
the genetic aberrations and contributing
sequential biological phenomena that result in
initiation as well as propagation of disease. The
RAS pathway mutations are present in approxi-
mately 90% of patients with JMML. Targeted
mutational analysis of five RAS pathway com-
ponents which are protein PTPN11, KRAS,
neuroblastoma rat sarcoma [NRAS], Casitas
B-lineage lymphoma [CBL], and NF-1 can help
in the diagnosis. The mutations can be present
in the germline or at the somatic level [7].
Downstream of RAS, the activation of the RAF/
mitogen-activated protein kinase/extracellular
signal-regulated kinase (RAF/MEK/ERK) cas-
cade, the phosphatidylinositol-3-kinase (PI3K)/
Akt/mammalian target of rapamycin (MTOR)
pathway have been implicated in the process of
leukemogenesis and sustaining tumor friendly
microenvironment (Figure 1). Although the
hypersensitivity to GM-CSF has been demon-
strated in vitro, no aberrations of GM-CSF re-
ceptors have been reported.
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Figure 1. The RAS Signalling Pathway (90% of JMML cases involve mutations in the RAS pathway): N/KRAS proteins
(in Pink) alternate between “ACTIVE” and “INACTIVE” states. They are activated in response to signals transferred
by surface receptors resulting in the recruitment of guanine exchange factors (GEFs), which stimulates binding of
GTP to RAS in place of GDP. The RAS is interrupted by GTPase-activating a protein (GAPS) which hydrolyses GTP to
GDP. Mutations of RAS (*) prevent the conversion of RAS-GTP to RAS-GDP - resulting in its constitutive stimulation
and hence activation of downstream effectors to induce cell proliferation, differentiation, and survival; PTPN11 gene
encodes for Src homology region 2 (SH2)-containing protein tyrosine phosphatase 2 (SHP2). SHP2 binds to RAS
and dephosphorylates it, allowing it to bind to RAF and, hence activating the downstream effectors. It can also bind
to GRB2 which in turn can bind GEFs and convert RAS-GDP to RAS-GTP. Gain-of-function mutations in PTPN11 (*)
increase its phosphatase activity resulting in constitutive activation of the RAS pathway; CBL helps in the regulation
of the RAS pathway by inhibiting GRB2 and downregulating JAK2. In the presence of mutations in CBL (*), GRB2
activity becomes unchecked resulting in the activation of the RAS/RAF/MEK/ERK pathway; NF-1 can bind to RAS-
GTP and converts it to RAS-GDP. When NF-1 is mutated (*), GAP activity is reduced which leads to increased levels
of RAS-GTP and hence activation of downstream pathways.

NRAS or KRAS point mutations can be found in
25% of patients [18]. JMML with somatic RAS

cells. Mutations in the RAS lead to defective
intrinsic GTPase activity and resistance to

mutations is usually aggressive except for a
small proportion of somatic NRAS mutated
JMML patients who can experience spontane-
ous remission. RAS proteins are signaling mol-
ecules. The RAS protein has an active guano-
sine triphosphate (GTP)-bound state (RAS-GTP)
and an inactive guanosine diphosphate (GDP)-
bound state (RAS-GDP) [19]. The levels of these
are controlled by guanine nucleotide exchange
factors, which transform RAS-GDP into active
RAS-GTP; and hydrolysis of RAS-GTP to inactive
RAS-GDP by an intrinsic GTPase in RAS. The
GTPase activity is enhanced by GTPase-activa-
ting proteins (GAP) such as NF-1. RAS-GTP
causes downstream cellular responses such as
proliferation, differentiation, and survival of

GAPs, resulting in the accumulation of active
RAS-GTP. A germline mutation in KRAS found in
NS causes mild JMML:-like myeloproliferative
disorder. The mutations in NS are distinct from
those reported in patients with cancers and
leukemias, and the KRAS T58I allele (found in
NS) demonstrates milder effects unlike the
wild-type KRAS or the classic oncogenic mu-
tation KRAS G12D [14]. RAS mutations also
lead to a lymphoproliferative disorder called
RAS associated lymphoproliferative disorder
(RALD), with some features mimicking JMML
[20].

The commonest RAS pathway mutation in
JMML is the somatic PTPN11 mutation [21].
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PTPN11 mutations can be found in up to 35%
of JMML patients. The PTPN11 gene encodes
an Src-homology tyrosine phosphatase 2
(SHP2). The SHP2 has two Src-homology 2
(N-SH2 and C-SH2) domains and a catalytic
phosphatase domain [22]. Germline mutations
in NS, as well as somatic mutations in JMML,
involve residues within the N-SH2 domain or
the phosphatase domain [11]. JMML-asso-
ciated mutations found in the somatic variant
of the disease, confer stronger effects on phos-
phatase activity due to stronger gain-of-func-
tion alleles and the disease is aggressive. A
less severe form of mutations in NS, where the
mutation is germline might explain the sponta-
neous resolution of the myeloproliferative dis-
ease [11].

The neurofibromin gene is located on chro-
mosome 17g11.2 and regulates RAS by the NF
protein. The NF-1 gene acts as a tumor su-
ppressor gene. It forms the protein neurofi-
bromin, GTPase-activating protein for RAS
protein [23]. In up to 11% of patients of JMML,
a clinical diagnosis of NF-1 can be made [24]
whereas upto 15% of patients have mutations
in the NF-1 gene [25]. The diagnosis of NF-1
can be established clinically and in 50% there
is a parent who is affected. The children with
NF-1 and JMML tend to be older with more
aggressive disease [26]. They have one defi-
cient allele of the NF-1gene in the germline. In
patients, JMML cells show homozygous NF-1
inactivation due to somatic loss of the normal
allele in leukemic cells, resulting in hyperactiva-
tion of RAS [27]. Most mutations are autosomal
dominant missense or nonsense mutations but
small insertions or deletions as well as large-
scale deletions or chromosomal translocations
affecting NF-1 are known [28].

CBL helps in the regulation of the RAS pathway
by downregulating the Janus kinase (JAK)-2
pathway. In the presence of mutations in CBL,
there is an unchecked conversion of RAS-GDP
to RAS-GTP and activation of the RAS/RAF/
MEK/ERK pathway. CBL mutations are found in
10-15% of patients and are missense germline
mutations. The acquisition of somatic loss of
heterozygosity imparts malignant potential to
mutated cells. In CBL-mutated JMML, the only
recurrent variant is copy-neutral isodisomy at
11923.3 where the CBL gene is located. No
other mutations are observed with CBL muta-

tions. CBL mutation-positive JMML may have a
variable prognosis with some patients going
into spontaneous resolution whereas others
may have an aggressive disease course. Homo-
zygous CBL mutations that arise as a germline
event have a trend to have a JMML variant that
spontaneously goes into resolution. These
homozygous germline CBL mutations may also
result in the CBL syndrome a disease charac-
terized by neurologic, vasculitis, and Noonan
syndrome-like features [29].

Newer genetic aberrations found to be associ-
ated with JMML

With the use of next-generation sequencing
technologies for genomic analysis, it has been
found that set binding protein-1 (SETBP1) muta-
tions have been detected both at disease initia-
tion as well as progression and are a potential
marker of aggressiveness of the disease. Other
mutations like JAK3 are known to be associat-
ed with JMML [30]. Activating kinase sequence
mutations in anaplastic lymphoma kinase
(ALK) and ROS1 genes have also been found.
The presence of more than one RAS-activating
mutation in the same patient (double RAS
mutants) characterizes a very aggressive JMML
with an increased risk of progression to acute
myeloid leukemia (AML). Acquired NF-1 haploin-
sufficiency in primary PTPN11 mutated JMML is
the most frequent of these changes, whereas
secondary NRAS, KRAS, or CBL mutations are
observed in all JMML subtypes except primary
CBL-mutated JMML [31].

Additional mutations affecting the known onco-
genes and tumor suppressor genes that affect
signal transduction, transcription factors, epi-
genetic regulation, and spliceosome complex
are also found in JMML. In 15% of JMML
patients the polycomb repressive complex2
network (like EZH2 and ASXL1), and other epi-
genetic modifiers (like DNMT3A) are found to
be mutated. The increasing number of genetic
abnormalities in a patient of JMML is known to
correlate with the poor prognosis [32].

Aberrant DNA methylations of genes have been
associated with a poor prognosis. The genes
such as BMP4, CALCA, CDKN2B, and RARB are
known to be hypermethylated in JMML. A RAS
A4 isoform-2 which encodes for a GTP activat-
ing protein is also hypermethylated in JMML
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and correlates with poor outcomes. Based on
the methylation pattern JMML could be divided
into further subtypes. The high methylation
group is associated with somatic PTPN11 mu-
tations and poor clinical outcomes. The low
methylation ones show underlying somatic
NRAS and CBL mutations and have a favorable
prognosis. The intermediate methylation group
is characterized by somatic KRAS mutations
and monosomy 7 [32] (Table 1).

Cytogenetic alterations in JMML

Monosomy of chromosome 7 is present in
about 25% of JMML patients and is the most
common karyotype aberration in JMML. Other
abnormalities may be found in a further 10% of
patients. Karyotype abnormalities are also
known to be acquired during treatment and/or
in event of progression into blast crisis. Moni-
toring for these is an important aspect of treat-
ment response assessment in JMML [33]. The
other cytogenetic abnormalities found in JMML
are the deletion of chromosome 5q and the
deletion of chromosome 7q. JMML children
with monosomy 7 have lower leucocyte count,
near-normal HbF levels, macrocytosis, and ery-
throid predominance in BM. Approximately 50%
of KRAS mutated JMML have monosomy of
chromosome 7 [17].

The hyperactivation of the RAS pathway plays
an important role in the pathogenesis of JMML
[34, 35]. It is unclear whether only the muta-
tions of the RAS pathway genes are sufficient to
cause JMML or epigenetic modifiers and other
associated mutations are critical too. The role
of other genetic abnormalities like monosomy
of chromosome 7, which is common in JMML,
needs more elaborate research.

Clinical presentation

Patients of JMML may present with fever,
cough, pallor, infections, splenomegaly hepato-
megaly, lymphadenopathy, and rash. Spleno-
megaly is found in all cases and is a prerequi-
site for the diagnosis of JMML. Skin rash and
lymphadenopathy are caused by leukemic infil-
tration and are seen in about 50% and 80% of
cases, respectively [36].

The skin involvement includes eczema, xantho-
ma, café-au-lait spots, and juvenile xanthogran-

uloma. The café-au-lait spots may also be pres-
ent in children with germline mutations in the
NF-1 and CBL gene [29] and melanocytic
lesions can be observed in patients with germ-
line mutations in genes involved in the RAS sig-
naling pathway [37].

Gastrointestinal involvement can manifest as
intractable diarrhea, hemorrhagic manifesta-
tions, and infections. These patients may pre-
sent with cough and respiratory distress and
chest x-ray findings include peribronchial and
interstitial pulmonary infiltrates. Although cen-
tral nervous system (CNS) involvement in JMML
is rare, a few patients have been reported with
CNS leukemic infiltration, ocular granulocytic
sarcoma, diabetes insipidus, and facial palsy
[B].

Differential diagnosis
Non-malignant disorders mimicking JMML

It is imperative to rule out non-malignant di-
sorders mimicking JMML in a clinically su-
spect case. Viral infections like Cytomegalovirus
(CMV), Epstein-Barr virus (EBV), human her-
pesvirus-6 (HHV-6), and parvovirus B19 may
present with features mimicking JMML. Con-
genital intrauterine infections can also present
with cytopenias, lymphadenopathy, and hepato-
splenomegaly and are important non-malignant
differentials of JMML. The differentiation of
JMML from viral infections may require the
demonstration of chromosomal and/or genetic
aberrations and the presence of a mutation of
the RAS pathway may help to establish the
diagnosis of JMML.

Infection with HHV-6 and CMV in JMML patients
may show increased spontaneous prolifera-
tion of granulocyte and monocyte precursors,
hypersensitivity to GM-CSF, and abnormal pro-
liferation of B-lineage cells with the NRAS mu-
tation respectively, making the diagnosis di-
fficult [38, 39]. The diagnosis is challenging in
such a scenario, where it has to be established
by viral polymerase chain reaction (PCR) and
genetic mutation analysis. Sometimes, the
association of concurrent viral infections with
underlying JMML results in poor outcomes. The
presence of viral infections must be excluded
in all cases of JMML by serological tests and
PCR.
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Table 1. Clinical course of JMML and its correlation with the presence of mutations

Mutation Type

Clinical course

Action

NF-1 (10%) Germline

PTPN11 (35-40%) Germline Mutation

(Noonans phenotype)

Somatic (missense
mutations)

NRAS (15%) Germline Mutation

(Noonans phenotype)

Somatic heterozy-

gous mutations
KRAS (10%) Germline Mutation
(Noonans phenotype)

Somatic mutation

CBL (15%) Germline (Isodisomy

of 11q is associated)

Features of NF-1, 50% have an affected parent. They have a higher platelet count, a higher

percentage of blasts in BM, often diagnosed after the age of 5 years and the JMML is rapidly fatal.

Transient myeloproliferation OR mild disease

Lower age of presentation, massive hepatosplenomegaly, high TLC, rapidly fatal

Transient myeloproliferation OR mild disease

Greatest clinical diversity among all mutation’s subtypes Most of these patients are well and show
a normal or only slightly elevated HbF. Known to relapse after HSCT

Transient myeloproliferation OR mild disease

Lower age of presentation 50% have monosomy 7, aggressive disease

Sometimes the JMML occurs as a part of the CBL syndrome In the majority the
disease is self-limiting. If progression occurs may need intervention.

Urgent HSCT

Wait and watch OR Mild chemotherapy

Urgent HSCT

Wait and watch OR Mild chemotherapy

A subset with a low methylation profile can be followed up for
spontaneous regression, urgent HSCT in the aggressive ones
Wait and watch OR Mild chemotherapy

Urgent HSCT

Wait and watch may be adopted if the clinical condition

permits especially in the case of CBL syndrome HSCT if
disease progression occurs

JMML: Juvenile myelomonocytic leukemia; NF-1: Neurofibromin-1; CBL: Casitas B-lineage lymphoma; PTPN11: Protein tyrosine phosphatase non-receptor type; KRAS: Kirsten rat sarcoma; NRAS: Neuroblastoma rat sarcoma; BM: Bone mar-
row; TLC: Total leukocyte count; HSCT: Hematopoietic stem cell transplant.
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Immunodeficiencies, most commonly Wiskott-
Aldrich syndrome (WAS) and leukocyte adhesion
defect (LAD) may present with similar features
and should be ruled out. Infantile malignant
osteopetrosis can be a close mimicker of JMML
and can be ruled out in most cases by
radiographic imaging which shows increased
bone density. Familial hemophagolymphohis-
tiocytosis (HLH) may present with similar
symptomatology in infancy and should be ruled
out with the help of blood/bone marrow tests
and genetic tests [40].

Myeloproliferative neoplasia (MPN) in early
childhood mimicking JMML

MPN with receptor tyrosine kinase (RTK) trans-
locations may mimic JMML and these patients
may benefit from RTK-targeted inhibitors. ALK
receptor tyrosine kinase rearrangement in
atypical JMML has been reported. Myeloid neo-
plasia with ALK rearrangement and monosomy
7 is found in all age groups [12, 41].

MPD with eosinophilia and constitutively acti-
vated platelet-derived growth factor receptor
alpha (PDGFR-«), PDGFR-8, or fibroblast growth
factor receptor 1 (FGFR1) can present with leu-
cocytosis and organomegaly in very young chil-
dren, and thus need to be differentiated from
JMML [42]. A clinical presentation akin to JMML
is noted in some patients with GATA2 deficiency
[43].

Infantile acute leukemia with KMT2A (MLL)
rearrangement can have a massive enlarge-
ment of the liver and spleen and patients with
low blast count may be difficult to differentiate
from JMML [44].

Differentiating JMML from NS-associated my-
eloproliferative disease and other RASopathies

NS is a genetically diverse and the most com-
mon disorder of the RAS pathway (RASopathy)
occurring in 1 of 1000 to 2500 births [45].
Patients with NS are predisposed to several
hematological abnormalities like thrombocyto-
penia, platelet dysfunction, and von-Willebrand
disease. Hepatosplenomegaly is a common
clinical finding in NS. Around 5% of infants with
NS develop an MPD, which in its severe form
clinically resembles JMML. The majority of
these children with NS/MPD harbor germline
PTPN11 mutations. It slowly regresses over

months to years in the majority [46, 47]. There
are rare cases of NS/MPD with secondary
monosomy 7 that achieve spontaneous remis-
sion with the persistence of monosomy 7 [10].
On the contrary, a few progressions to AML
have also been reported [48].

CBL syndrome due to germline missense CBL
mutations is a constellation of impaired growth,
delayed development, cryptorchidism, and a
predisposition to JMML. Some patients of this
syndrome experience spontaneous regression
of their JMML but develop vasculitis later in
life. Monocytosis, leukocytosis, lymphoprolifer-
ation, and autoimmunity, can be a feature of
RAS-associated autoimmune leukoproliferative
disorder (RALD) previously called autoimmune
lymphoproliferative syndrome type IV. This can
present with several features that overlap
JMML as well as with identical somatic muta-
tions in KRAS or NRAS [49].

Diagnosis

Peripheral blood film evaluation: The PB film
(PBF) examination is crucial for establishing the
diagnosis of JMML. Anemia with the presence
of nucleated red blood cells (NRBCs), leukocy-
tosis, monocytosis, a shift towards immaturity
in the granulocytes, and thrombocytopenia are
characteristically present in patients with
JMML. A myeloid shift to the left is present and
blasts including promonocytes constitute less
than 5% of all cells. Absolute monocytosis of
>1000/mm? is a diagnostic criterion for JMML
but in isolation, it is neither specific nor sensi-
tive because it can be a feature of infections.
Thrombocytopenia is a common finding and
can be sometimes severe (Figure 2).

Bone marrow examination: The BM findings
may support the diagnosis of JMML but are not
specific. There is a myeloid predominance and
hypercellularity. The myeloid to- erythroid (M: E)
ratio may vary from 0.1 to >94. The number of
myeloid progenitors, blasts, including promono-
cytes are increased but the blast count is less
than 20%. Auer rods are not seen. The mono-
cytes comprise 5% to 10% of the marrow cells
and nonspecific esterase or immunohistoche-
mistry for CD14 may help to highlight the
monocytic component. The erythroid progeni-
tors are megaloblastic. Megakaryocytes are de-
creased in number [16].
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Figure 2. Peripheral blood smears (PBS) from a patient with JMML (Jenner-
Giemsa x 600). A. Pre-transplant PBS showing increased leucocyte count,
monocytosis, myeloid precursors, and reduced platelet counts. B. Post-
transplant PBS of the same patient showing normal leucocyte count and
platelet counts.

Other frequently affected organs are lymph
nodes, skin, and the respiratory tract. Liver and
spleen infiltration is found in most cases.
Myelomonocytic infiltration of the lungs is
accompanied by infections, occasionally caus-
ing significant morbidity. The gastrointestinal
tract can also be involved, but rarely [16].

Immunophenotyping: There is no specific im-
munophenotypic characteristic of JMML. The
monocytic component in the bone marrow aspi-
ration and extramedullary tissue can be detect-
ed by immunohistochemistry (IHC) markers like
CD14,CD11b, CD68R, or lysozyme. Rarely mye-
loperoxidase (MPO) may be positive in the
extramedullary involvement of JMML.

Hemoglobin F (HbF) levels: The majority of
JMML patients have higher HbF levels except
for the ones with monosomy 7 where it may be
near normal.

Hypergammaglobulinemia: About 50% of pa-
tients have hypergammaglobulinemia. One-four-
th of patients may show autoantibodies and
positive direct antiglobulin test.

GM-CSF hypersensitivity: Hematopoietic pre-
cursor cells of JMML demonstrate hypersensi-
tivity in colony-forming assays to GM-CSF or
spontaneous proliferation in vitro without the
addition of an exogenous growth factor. Spon-
taneous proliferation and hypersensitivity to
GM-CSF are used as criteria for the diagnosis
of JMML to be established. This assay’s limita-
tions are that this technique is not standard-
ized. GM-CSF hypersensitivity assay is not spe-

cific to JMML and is time taking
[1, 38, 50].

STAT-5 phosphorylation assay:
phosphorylation of CBL by aSrc
family kinase and by the JAK2/
STAT-5 pathway is the other
pathway that is activated do-
wnstream to the GM-CSF re-
ceptor. JAK2-activated hyper-
phosphorylation of STAT-5 in
response to GM-CSF has been
identified as a hallmark of
JMML. It is one of the criteria
used to establish the diagnosis
of JMML. Phosphospecific flow-
cytometry in CD33+/CD34+ or
CD33+ (CD14+CD38"™ cells
has been validated to detect hyperphosphory-
lation of STAT-5 protein in BM (or PB) cells in
response to low doses of GM-CSF [51].

Cytogenetics: Monosomy 7 and other cytoge-
netic abnormalities may be detected on the
karyotype analysis [1].

Molecular alterations: Mutations in the NRAS,
KRAS, PTPN11, CBL, and NF-1 genes may be
detected by genomic sequencing [1].

Diagnostic criteria for JMML have been shown
in Table 2 [3] and the diagnostic approach has
been provided in Figure 3.

Treatment
Supportive care

Hydroxyurea (25-30 mg/m?/day) can be used
as a therapy to tide over the period to definitive
cure by allogeneic hematopoietic stem cell
transplant HSCT [53]. Hydroxyurea can also be
given if the TLC is more than 100,000/mm?2 to
prevent end-organ damage due to high TLC.
Hemoglobin should be maintained above 8
gm/dl and platelet counts above 20,000/mm3,
Oxygen support, antibiotics, and pain relief
should be used when necessary.

Chemotherapy

JMML is fatal if not treated, except in a few
cases where spontaneous remission can occur.
Allogeneic HSCT is the only cure available to
date. The median duration of survival of pa-
tients without HSCT is 10-12 months [5]. There
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Table 2. Diagnostic Criteria for Juvenile Myelomonocytic Leukemia (JMML) Per the 2016 Revision to World Health Organization Classification
[52]

Diagnostic criteria of JMML

Category 1 (All are required) Clinical and Absence of the BCR-ABL1 fusion gene
Hematologic

>1 x 10/L circulating monocytes
Features

<20% blasts in the peripheral blood and bone marrow
Splenomegaly
Category 2 (One is sufficient) Genetic Studies Somatic mutation in KRAS, NRAS, or PTPN11 (germline mutations need to be excluded)
Clinical diagnosis of NF-1 or NF-1 gene mutation
Germline CBL mutation and loss of heterozygosity of CBL
Category 3 (patients without genetic features must have the following in addition to category 1) Other Features Monosomy 7 or other chromosomal abnormality, or at least 2 of the criteria listed below:
Circulating myeloid or erythroid precursors
Increased hemoglobin F for age
Hyperphosphorylation of STAT-5
GM-CSF hypersensitivity

NF-1: Neurofibromin-1; CBL: Casitas B-lineage lymphoma; PTPN11: Protein tyrosine phosphatase non-receptor type; KRAS: Kirsten rat sarcoma; NRAS: Neuroblastoma rat sarcoma.
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Clinical features suggesting JMML

(Fever. pallor. lymphadenopathy. skin rash

Or stigmata suggestive of Neurofibromatosis type-1
or Noonan syndrome

Work up for infections

!

Y

'

Hematological criteria (all):

= Absence of the BCR-ABL1
fusion gene

= >] = 10/L circulating
monocytes

*  <20% blasts in the PB and
BM

Genetic Studies (At least one)

Somatic mutation in KRAS.
NRAS, or PTPN11 (germline
mutations need to be
excluded)

Clinical diagnosis of NF-1 or
NF-1 gene mutation
Germline CBL mutation and
loss of heterozygosity of CBL

(At least one without genetic
studies)

Monosomy 7 or other
chromosomal abnormality, or at
least 2 of the criteria listed below:
Circulating myeloid or erythroid
precursors

Increased hemoglobin F for age
Hyperphosphorylation of STAT-5

*  GM-CSF hypersensitivity

Mutation analysis — Work. up f”or viral infections
(KRAS, NRAS, or PTPN11) Neeative = CMV
Or germline CBL mutation or ) " HH\ -6
NF-1 gene mutation = EBV
=  Parvovirus B-19
Positive = Toxoplasma
s —  Wiskott-Aldrich syndrome
v — LCH
Exclude germline — LAD
mutations in infants
Negative
. Negative
Positive
JMML
JMML/ Noonan
svndrome

Figure 3. Diagnostic approach to juvenile myelomonocytic leukemia (JMML) [PB = peripheral blood; BM = bone
marrow; CMV = Cytomegalovirus; EBV = Epstein-Barr virus; GM-CSF = Granulocyte-macrophage colony-stimulating
factor; HbF = Hemoglobin F; HHV-6 = Human herpesvirus 6; LCH = Langerhans cell histiocytosis; LAD = Leukocyte
adhesion defect; STAT-5 = Signal transducer and activator of transcription-5].

is no proven chemotherapy known to achieve
complete remission for JMML (Table 3).

Several chemotherapeutic protocols including
intensive protocols like those employed in AML
therapy or milder leukemia maintenance-type
combination schemes, and single-agent che-
motherapy have been used in JMML [53]. The
use of 6-mercaptopurine (6-MP) with or without
low-dose cytarabine has demonstrated a
partial and transient response in few cases.
Recently Abdul Wajid et al [54] reported a
retrospective study of 33 patients and 20 of
them received at least one cycle of sequential
chemotherapy (subcutaneous cytarabine and
oral 6-MP). Six out of 20 who received che-
motherapy showed a response (two patients
achieved completion, and four patients achi-
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eved partial remission). These results suggest-
ed that sequential therapy with 6-MP and
cytarabine could be an option in patients in
whom HSCT is not feasible or as a bridge
therapy in those awaiting HSCT. In a few pa-
tients, it can result in the cure of the disease.
Intensive chemotherapeutic agents have not
proved effective and have a risk of morbidity or
therapy-related death [27]. Other chemotherapy
agents like fludarabine and high-dose cytara-
bine combinations have also been used to
achieve remission in the presence of aggressive
disease or massive pulmonary infiltration [55].

Until now, no standard pre-HSCT chemotherapy
protocol has proven to have an impact on post-
HSCT relapse incidence.
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Table 3. Chemotherapy regimens used for JMML

Median Sample

Type of study ) Chemotherapy Survival Remarks (Reference)
age size
Retrospective 36m 12 Low dose chemo (6) Standard dose chemo (6) No survival benefit Heterogenous treatment [57]
Retrospective (Case series) 48 m 3 AML-BFM-97 Median survival 4 months  [58]
Retrospective (Case series) - 8 Hydroxyurea (4) Low dose cytarabine (1) - [53]
Prospective 20.5m 11 Low doses of daunorubicin or cytarabine Overall survival 7 months The use of intensive combination chemotherapy in children with JMML can
result in long-term survival in some patients [59]
Retrospective 33m 21 A-V3 Protocol (Cytarabine Etoposide VCR) 3-yr EFS (66.2 + 14)% [61] The survival was more for patients who received a HSCT after the che-
3-year 0S (76.2 + 14.8)% motherapy compared to the ones who got chemotherapy alone
Retrospective 12m 20 6-mercaptopurine and cytarabine Median survival 44 months 6-mercaptopurine and cytarabine may be used as a bridge therapy [55]

Low-dose chemotherapy-Low-dose cytarabine, 6-thioguanine, 6-mercaptopurine, hydroxyurea, and others Standard dose chemotherapy-Induction schedules for acute myeloid leukemia, anthracyclines, cyclophosphamide, standard-dose
cytarabine, etoposide, and others; A-V3 protocol: Cytarabine: 100 mg/m?, Etoposide, 100 mg/m?2, Vincristine: 1.5 mg2/m.
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Azacitidine in JMML

Azacitidine which is a DNA hypomethylating
agent has been used in JMML. It is known to
stabilize the disease and also induce complete
remission in a subset of patients, before HSCT
and also the following relapse after HSCT.
Although the agent is unlikely to be employed
as a curative option, it can decrease the dis-
ease burden and can be an effective drug dur-
ing the window period before HSCT [4].

Furlan et al reported a 1.5-year child with JMML
treated with azacitidine (100 mg/m? over 1
hour intravenously on 5 days, repeated every 4
weeks). Azacitidine was well tolerated. The clin-
ical and hematologic response was impressive
and monosomy 7 disappeared. HSCT was per-
formed in the child after achieving good control
[56]. In a retrospective study of 12 children by
Annamaria Cseh et al, 9 children received
azacitidine before HSCT, and 3 received after
the relapse of the disease. The study conclud-
ed that low-dose azacitidine is effective and
tolerable in JMML and complete clinical, cyto-
genetic, and/or molecular remissions can be
achieved before allogeneic HSCT [4]. Fabri et al
treated 3 patients with azacitidine at a dose of
75 mg/m? intravenously on days 1 to 7 of a
28-day cycle before the HSCT and documented
a good response. The drug was well tolerated
without any adverse effects [57]. Hashmi
reported an infant with JMML with somatic
KRAS G12A mutation and monosomy 7 who
achieved sustained remission after 6 cycles of
azacitidine [58].

Based on the evidence provided by these stud-
ies, the role of conventional low dose chemo-
therapy or azacytidine in JMML is limited as a
modality to bridge to HSCT or for the intent of
palliation. Only a few patients have done well
with chemotherapy alone and in most of these,
the underlying genetic mutation was not deter-
mined. It is, therefore, possible that the ones
who go into long term remission with chemo-
therapy alone are the ones with the good risk
molecular alterations. High dose chemotherapy
has been associated with increased morbidity
and mortality without a benefit in survival. In
situations where HSCT is not feasible, low dose
chemotherapy may be tried. It should also be
employed in case germline mutations of NRAS,
KRAS or PTPN 11 mutations are present in the
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JMML patient and mildly symptomatic patients
with CBL mutations (only if a wait and watch
policy fails). Further treatment in these cases
should be tailored to the response.

Splenectomy for IMML

The lack of treatment options in the past, with
HSCT’s availability at only a few centers around
the world, clinicians had to resort to splenecto-
my for symptom control in JMML. It has also
been used as an option for palliation if HSCT is
not possible and the disease appears to be
unresponsive to ongoing chemotherapy. Sple-
nectomy has been known to decrease the
requirement of blood transfusion and the
requirement of platelets but with the increased
risk of infections [59]. Splenectomy has been
done in JMML to decrease the disease burden
and promote engraftment after HSCT. Over the
years this approach has gradually fallen out of
favor and its indiscriminate use is not recom-
mended. The spleen size or splenectomy before
HSCT is not known to affect the outcomes of
JMML post-HSCT.

In the presence of hypersplenism, platelet
refractoriness, or massively enlarged spleen
the procedure may be contemplated after an
analysis of the risks and benefits [55].

Hematopoietic Stem Cell Transplant (HSCT) in
JMML

Response to chemotherapy is generally tran-
sient in a majority of cases. In a small subset,
the wait and watch strategy can be adopted;
else the majority succumb to the disease if
untreated in 10-15 months from diagnosis. The
commonest cause of death is pulmonary infil-
tration due to the JMML, disease itself. Allo-
geneic HSCT is to date the only curative option
for JMML and the expected long-term survival
even after allogeneic HSCT is 50%. The com-
monest cause of death after HSCT is the re-
lapse of the disease. Second allogeneic trans-
plantation may be curative in some patients
who relapse after HSCT [1].

Matched sibling donors (MSD) or matched fam-
ily donors (MFD) are first choices as donors.
Recent studies have suggested that even
matched unrelated donor (MUD) transplants do
equally well. Umbilical cord blood transplanta-
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tion (UBCT) may be an option for those who are
in urgent need of HSCT and are lacking a donor.
In UCBT the time interval necessary to identify
a suitable umbilical cord blood (UCB) unit is
short and the stem cells are sufficient as these
patients usually have low bodyweight [60, 61].

The HSCT in JMML has led to a cure in approxi-
mately 50% of patients. Pre-transplant treat-
ment is still a matter of debate. In the initial
years, total body irradiation (TBI) based proto-
col was used in conditioning but TBI was
replaced with chemotherapy based condition-
ing options owing to its toxicity in young chil-
dren. Busulfan is the most commonly employed
agent in association with other chemothera-
peutic agents and the use of multiple alkylating
agents with non-cell-cycle-specific action may
help in cure as JMML is a stem cell disorder
characterized by cell dormancy [62].

Myeloablative conditioning using busulfan,
cyclophosphamide, and melphalan was used
by the EBMT group, using unmanipulated he-
matopoietic stem cells (HSC) from human leu-
kocyte antigen (HLA) identical and unrelated
donors, with BM, PB, and cord blood (CB) being
used as sources. The 5-year probability of
event-free survival for children given HSCT from
either a relative or a MUD was 55% and 49%,
respectively. Older age and female sex were
associated with poor outcomes and disease
recurrence was a major cause of treatment fail-
ure [48].

Age older than 2 years, female donor to male
recipient, matched unrelated donor or mis-
matched non-cord donor, total body irradiation
(TBI) and no serotherapy in conditioning regi-
men had poorer outcomes in a series of 91
JMML patients who underwent HSCT between
1986 and 2011 in France. Busulfan, cyclophos-
phamide, and melphalan conditioning regimen
was associated with a decreased risk of re-
lapse. Serotherapy was associated with a de-
creased risk of non-relapse mortality. In this
series at 6 years, overall survival (OS) was 59%
and the cumulative incidence of acute graft
versus host disease (GVHD) was 48% [63].

In 129 children who underwent HSCT for JMML
Yoshida et al in 2020 observed a 64% overall
survival. They found that a conditioning regi-
men of busulfan/fludarabine/melphalan used
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in 59 patients was superior with a 5-year 0S
rate of 73% and the cumulative incidences of
relapse and transplantation-related mortality
(TRM) were 26% and 9%, respectively. Chronic
GVHD was associated with a lower risk of
relapse [64] (Table 4).

For the GVHD prophylaxis, cyclosporine A (CSA)
and methotrexate (MTX) are most commonly
employed in the setting of MFD. In the pres-
ence of an unrelated donor, ATG is added. The
use of anti-thymocyte globulin (ATG) is not
associated with an increased risk of relapse,
given that it has the potential to attenuate the
graft versus leukemia (GVL) effect [13].

The lower age of transplant may be responsible
for the low occurrence of GVHD in JMML trans-
plants. The occurrence of grade I-lll GVHD has
been associated with better survival possibly
due to a GVL effect. A low-intensity GVHD pro-
phylaxis should be used in JMML children with
aggressive disease (such as NF-1, somatic
PTPN11, or NRAS mutations, age >4 years at
diagnosis or with >20% blasts at the time
of HSCT). More aggressive GVHD prophylaxis
should be considered in children with less
aggressive JMML. In the absence of acute
GVHD, GVHD prophylaxis should be tapered
and stopped between days 60 and 180 after
HSCT [55].

Post-transplant monitoring and management
of relapse

Post-transplant monitoring of donor-recipient
chimerism can help identify the patients who
are at risk of relapse. In the setting of falling
donor chimerism, the rapid withdrawal of immu-
nosuppression can be tried. If there is no
response, then donor lymphocyte infusions
(DLI) can be used. The patients at high risk of
relapse are ones with age >4y, NF- 1/PTPN-11
mutations, bone marrow blasts >20% at the
onset, AML type genetic signature, or high
methylation pattern of methylation studies.
Persistent disease and relapse even after HSCT
can occur in 26-58% of patients [65]. A second
allogeneic HSCT from a different donor or the
same donor using a less aggressive GVHD pro-
phylaxis can be attempted in case of an overt
relapse. A second transplant can salvage 33%
of the patients [62]. Patel et al in 2014 pub-
lished a series of 5 JMML patients who had
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Table 4. Studies depicting outcomes of HSCT in JMML

(n) Median age vears of - Source of Stem Conditioning GVHD prophylaxis GVHD 0S% (follow up) [Reference]
study cells
(11) 18.6 m 1998-2013 BM =4 -Bu Cy Mel (8/11) CSA + steroids (4) Ac GVHD = 6/11 72.7 % (4.2 yr) [71]
ucB=7 -ATG in 5 CSA+MMF(1) Chr GVHD = 3/11
(MRD=3 CSA+MTX(1)
MUD =1 TAC+MTX(4)
ucB=7)
(11)9m 1999-2004 BM =6 -Bu Cy Etop (6/11) CSA+MTX Ac GVHD = 8/11 54.5% (15.5 m) [72]
ucB=4 -TBlin 3 Chr GVHD = 4/11
PB=1
(15) 13.3 m 2013-2015 PB=1 -Bu Cy Mel TAC+MMF Gr 1 Ac GVHD = 20% 47% (29 m) [73]
BM =13 -Bu Flu Gr II-IV Ac GVHD = 27%
ucB=1 -ATG in MUD and UCB HSCT Chr GVHD = 7%
(MRD-5 MUD =7
MMUD = 2
ucB=1)
(100) 30 m 1993-2002 PB=14 -Bu Cy Mel CSA alone in MRD (32/48) Gr II-IV Ac GVHD = 40/100 64% (5 yr) [47]
BM =79 CSA+MTX+ Chr GVHD = 13/86
ucB=7 ATG+Mo ab for MUD (41/52)
(MRD = 48
MUD = 45
ucB=7)
(7)30m 2007-2014 BM =3 -Bu Mel TAC+MTX - 100% (25.3 m) [74]
ucB=3 -Alemtuzumab in MUD MTX not used in UCB
Not mentioned = 1 -ATG for UCB
(MRD =2
MMRD =1
MUD =1
UCB = 3)
(27)24 m 1990-1997 PB-3 -Cy Bu Etop (Mel, Thiotepa, and Ara-C were MTX, CSA, and TAC (different Gr II-IV Ac GVHD = 15/26 57.9+-11.0 (4y) [75]
BM =23 other agents used in different patients) combinations in different patients) Chr GVHD = 10/21
ucB=1 -TBlin 18
(MRD =12
MMRD = 4
ucB=1
MUD = 10)
(91) 16 m 1986-2011 Not mentioned Bu Cy Mel Not mentioned Ac GVHD 48% 59% (72 m) [69]
+- Serotherapy
(129) 24 m 2000-2011 PB=10 Bu Flu Mel in 59 TAC+MTX in 73 Gr II-IV Ac GVHD = 44% 64% (5y) [70]
BM =89 Bu Cy Ara-c in22 CSA+MTX in 22 Chr GVHD = 37/107
UCB =30 TBI based in 20
(MRD = 44
UD = 85)

(BM: bone marrow; PB: peripheral blood; UCB: umbilical cord blood; MRD: matched related donor; MUD: matched unrelated donor; MMUD: mismatched unrelated donor; UD: unrelated donor; Bu: busulfan; Cy: cyclophosphamide; Mel:
melphalan; Etop: etoposite; ATG: antithymocyte globulin; Flu: fludarabine; TBI: total body irradiation; Ara-C: Cytarabine; CSA: cyclosporine-A; MMF: mycophenolate mofetil; MTX: methotrexate; TAC: tacrolimus; Mo Ab: monoclonal antibodies; Ac

GVHD: Acute graft versus host disease; Ch GVHD: chronic GVHD; Gr: grade; HSCT: Hematopoietic stem cell transplant).
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relapsed after their initial HSCT. They were sub-
sequently treated with a second HSCT from the
original donors after a high dose of cytarabine
and mitoxantrone based conditioning. All pa-
tients were alive at a median follow up of 199
m (88-246 m) with no evidence of JMML and no
significant toxicity [65]. In between 1987-2003
out of 183 patients who received an allogeneic
HSCT in a European study, 68 relapsed. Twenty-
six of these went on to receive a second
allograft. Most patients received a TBI based
conditioning for the second HSCT. The same
donor was employed in 19 patients. In patients
with transplants from the same donor, the
intensity of the GVHD prophylaxis was reduced.
43% of the patients in this cohort were alive
after a median follow up of 3. 3y [66]. Chang et
al in a series of JMML patients who had under-
gone a second HSCT found that the survival in
this retrospective cohort was 54% after a medi-
an follow-up of 53 m [67].

HSCT should be the treatment of choice for
JMML patients. Itis the only modality to achieve
a cure in JMML. Only some variants (germline
mutations of NRAS, KRAS, or PTPN 11 muta-
tions and few CBL mutation-positive JMML) can
achieve spontaneous remission or remission
with mild chemotherapy.

Novel and targeted approaches to the treat-
ment of JMML

GM-CSF analogs with a point mutation at the
receptor-binding site were found to inhibit
JMML cells’ growth in mice model by causing
a dose and time-dependent apoptosis. This
approach may be tried for achieving a transient
control clinically in a trial [68].

As the RAS/MAPK pathway is hyperactive in
JMML, investigators have tried blocking post-
translational modifications of RAS protein
through inhibition of the enzyme farnesyltrans-
ferase. Dose-dependent response to farnesyl-
transferase inhibitors had been demonstrated
in vitro but in clinical trials, they were not found
beneficial [69].

Bisphosphonates can suppress the activation
of RAS through the suppression of both farne-
sylation and geranylgeranylation. Zoledronic
acid can inhibit the colony-forming activity of
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JMML precursor cells. Clinical validation of this
approach is still lacking [70].

The palmitoylation/depalmitoylation cycle has
been targeted to disrupt the RAS pathway, dis-
rupting the GM-CSF sensitive colony-forming
units’ growth. This is known to selectively target
NRAS but the clinical benefits were minimal.

The targeting of the downstream effectors of
the RAS pathway viz RAF/MEK/ERK and PI3K/
Akt/mTOR pathways has shown promise lately.
Preclinically MEK inhibition has been proven to
restore normal hematopoiesis in NF-1 and
KRAS mutant mice. The evaluation of tra-
metinib which is a MEK inhibitor in the treat-
ment of JMML children is underway in a trial
[62]. Inhibition of MTOR signaling using rapamy-
cin resulted in the mitigation of the JMML phe-
notype in PTPN11 mutated mice and to correct
the characteristic hypersensitivity to GM-CSF
of PTPN11 mutated JMML BM cells in culture
[71].

Inhibition of Src kinase by dasatinib and inhibi-
tion of JAK2 by ruxolitinib is being explored for
JMML. Ruxolitinib has been known to stabilize
the disease in a few of the patients in which it
has been tried. Combined inhibition of the path-
ways is more effective in pre-clinical models
[72].

In pre-clinical studies, trabectedin by binding to
the minor groove of DNA inhibits DNA repair
mechanisms, modulates transcription, and in-
creases apoptosis. It is known to cause selec-
tive depletion of the myelomonocytic lineage
cells and is a potential antitumor agent for
MDS/MPS, such as JMML [73].

SH2-containing inositol 5-phosphatase 1 (SHIP-
1) negatively regulates the GM-CSF signaling.
Retroviral-mediated transduction of SHIP-1 into
CD34* cells from JMML patients with KRAS or
PTPN11 mutations lead to a reduction in mye-
loid proliferation. Cytotoxic T-cell-based immu-
notherapy has also been shown to recognize
JMML cells in an HLA-restricted fashion and
help control disease in preclinical models [74].

Prognostic factors in JMML

Patients of JMML who presents at a younger
age, having normal Hb F, germline mutations,
remission after HSCT, do good (standard risk)
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Table 5. Prognostic factors in JMML

Standard risk High risk
Young age Older age of presentation
Normal HbF High HbF

Peripheral blood and bone marrow blasts <20%
Germline NRAS, KRAS, and PTPN11
CBL mutation

Low methylation profile

Monosomy 7

Peripheral blood and bone marrow blasts >20%
NF-1 mutation

somatic NRAS, KRAS, and
PTPN11 mutation

High methylation profile
Double RAS variants

Spontaneous regression (good prognosis) or resolution with minimal chemotherapy (good prognosis) Complex cytogenetics AML

Remission after HSCT

genetic signatures

Relapse after HSCT/refractory
disease after HSCT

JMML: Juvenile myelomonocytic leukemia; NF-1: Neurofibromin-1; CBL: Casitas B-lineage lymphoma; PTPN11: Protein tyrosine phosphatase non-receptor type; KRAS: Kirsten

rat sarcoma; NRAS: Neuroblastoma rat sarcoma; HSCT: Hematopoietic stem cell transplant.

whereas patients presenting at an older age,
having high HbF, somatic mutations, complex
cytogenetics, AML genetics, refractory/relapse
course after HSCT have a worse prognosis
(high risk). A very few patients in standard risk
undergo spontaneous regression. The prognos-
tic factors of JMML have been shown in Table
5.

Conclusion

JMML is a MPS/MDN overlap disorder of the
pediatric age group and is caused due to muta-
tions in the RAS pathway genes. JMML in most
cases is an aggressive disease. The common
mimickers of JMML must be ruled out based on
clinical findings and investigations. Mutation
analysis may help in establishing the diagnosis
in up to 90% of cases. The diagnosis of JMML is
established after validation of criteria as laid
down by the WHO. The role of pre HSCT treat-
ment in altering the course of the disease is
still uncertain and it can only serve as a tran-
sient bridging option. Very few patients may go
into spontaneous remission or with minimal
chemotherapy. Azacytidine is emerging as a
promising agent in recent clinical trials to
achieve hematological and molecular response
in a subset of JMML patients. Allogeneic HSCT
is the only curative option available for JMML to
date. HSCT can approximately cure half of the
patients. In those who relapse, a second HSCT
may be offered and it can lead to a cure in
about 33% of these patients. Novel therapies
targeting the downstream effectors of the RAS
pathway are being explored in pre-clinical and
clinical models with the hope to improve
survival.
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