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Editorial on the Research Topic

Hybrid or mixed myelodyplastic/myeloproliferative disorders: Current
trends in diagnosis and treatment
This Research Topic in Frontiers in Oncology is dedicated to the current trends in the

diagnosis and treatment of hybrid or mixed myelodysplastic/myeloproliferative disorders.

This group of myeloid neoplasms has not yet received enough attention in the various

classifications proposed for these diseases, for several decades, been placed in the past

under the umbrella of myelodysplastic syndromes (MDS) or that of myeloproliferative

neoplasms (MPN).

However, it has ultimately become clear that hybrid or mixed MDS/MPN have a profile

of clinical, hematologic, cytomorphologic, histomorphologic, pathogenetic, cytogenetic,

and molecular characteristics, indicating that enlisting or classifying them among other

disease entities, such as the typical and clearly identifiable MPN or MDS, may not be

appropriate or even useful and practical. It should be emphasized that all the articles

included in this Research Topic have been submitted, revised, and published before the

recently published fifth edition of the World Health Organization (WHO) Classification of

Myeloid Neoplasms. Thus, the authors have followed the previous fourth edition of WHO

Hybrid or Mixed MDS/MPN, published in 2016, according to which five disease entities

were included, namely, atypical BCR-ABL negative chronic myelogenous leukemia

(aCML), chronic myelomonocytic leukemia (CMML), juvenile myelomonocytic

leukemia (JMML), MDS/MPN unclassifiable (MDS/MPN-U), and MDS/MPN with ring

sideroblasts and thrombocytosis (MDS/MPN-RST) as a provisional entity (1).

In the fifth edition of the WHO classification, the provisional entity MDS/MPN-RST has

been confirmed as a fully, clearly, and/or molecularly identified disease, associated (although

not mandatorily) with SF3B1 mutations. A new entity, namely myeloproliferative neoplasm

with PCM1-JAK2 rearrangement, has been proposed, whereas JMML has been removed
frontiersin.org014
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from this category (2). These changes have restricted the content of

the so-called “Mixed MDS/MPN unclassifiable” group. Finally,

another change was the recognition that a subgroup of patients

with neutrophilic leukemia exhibits morphologic features of

trilineage dysplasia, and, despite neutrophilia, have ineffective

erythropoiesis with or without transfusion dependence. This

subgroup is proposed to be classified among MDS/MPN rather

than among typical MPN as it is classified as another subgroup of

this condition (3). This new proposal justifies our decision to include

a review article on chronic neutrophilic leukemia in the contents of

this Research Topic.

In contrast to the true MPN, which can develop following the

emergence of a single gene mutation, the majority of cases have a

normal cytogenetic profile, are primarily characterized by an increase

in peripheral blood cell counts, and are associated with

thromboembolic complications and constitutional symptoms. In

contrast to MDS, which usually exhibits more than one driver

mutation, commonly has an abnormal cytogenetic profile, is

generally associated with ineffective hematopoiesis with peripheral

blood cytopenias, and shares a high risk of progression to acute

leukemia, hybrid or mixed MDS/MPN may exhibit features of both

hematopoietic insufficiencies with morphological aberrations and also

feature the proliferation of at least one cell lineage, either of

megakaryocytes or of monocytes and/or of different myeloid

progenitors. In addition, these diseases can sometimes be presented

with constitutional symptoms and even with thromboembolic

complications. However, none of these entities included within the

group of hybrid or mixedMDS/MPN is amonogenetic entity, but all of

them (although to a different extent) are characterized by a variety of

chromosomal and, particularly, of molecular alterations, such as

somatic mutations. Moreover, none of these somatic mutations, or

any combination of them, nor any chromosomal aberration is

pathognomonic for the entire group of mixed MDS/MPN or even

for a single member-entity of the group. An additional logistic problem

is that these are very rare and inhomogeneous diseases, and therefore,

large databases and biobanks, which could potentially allow us to better

analyze the disease biology, are not easily available (4, 5).

This Research Topic in Frontiers in Oncology has therefore asked

experienced hematologists, hematopathologists, and geneticists to

report on the epidemiology, pathogenesis, diagnosis, classification,

prognosis, and therapeutic approaches of mixed MDS/MPN. In this

Research Topic, Barone et al. report that in patients with

polycythemia vera (PV), the circulating megakaryocyte-derived

extracellular vesicles (EV) were significantly decreased, whereas

platelet-derived EVs were increased and that PV patients also had

an abnormal microbial DNA signature, which can generate an

abnormal inflammatory network, potentially favoring the

pathogenesis of the disease. In a review, Diamantopoulos and

Viniou summarize the state-of-the-art diagnostic procedures, the

recently-described molecular characterization of the disease, i.e., the

recurrent pathogenetic mutations, and the current treatment

approaches for patients with aCML. A comprehensive review of the

complex and heterogeneous molecular pathogenesis and

pathophysiology of CMML, with the application of the currently
Frontiers in Oncology 025
available research technologies, as well as the development of

potential molecular targets for the design of novel therapies is

presented in an excellent article by Geissler. The rare entity of

myeloproliferative neoplasm with PCM1-JAK2 rearrangement is

reviewed by Sun et al., following the description of two new cases.

The authors discuss the poor prognosis and the lack of treatment

guidelines for this entity, as well as the unpredictable and

heterogeneous response pattern of treatment with ruxolitinib. They

suggest that the combination of ruxolitinib and pegylated interferon

might be more effective. Fontana et al. add molecular pathogenetic

considerations on BCR/ABL-negative aCML, and discuss the

influence of the molecular profile of the disease on prognosis and

on the potential treatment options, including the novel and emerging

targeted treatments. Küendgen et al. compile the epidemiological

characteristics of hybrid or mixed MDS/MPN and emphasize that

with the exception of the most common disease, namely CMML,

there is a lack of reliable and convincing information, mainly

attributed to the rarity of these syndromes, but also to the

changing classification systems and the blurry and vague limits of

each of them. Liapis et al. discuss the various options for first-line

treatment available to patients with advanced CMML and analyze the

existing data of the two main treatment approaches, namely,

cytotoxic treatment and hypomethylated agents, and how this kind

of treatment can be used as a bridge for allogeneic stem cell

transplantation in transplant-eligible patients. Symeonidis et al.

present all the published data from a few prospective studies but

mainly from retrospective studies on allogeneic stem cell

transplantation for mixed MDS/MPN and analyze the prognostic

factors for the various transplantation outcomes. Finally,

Thomopoulos et al. complete the round of articles with an

overview of the clinical characteristics, molecular genetics, and the

existing and emerging therapeutic approaches for patients with

chronic neutrophilic leukemia, a very rare disease with several

unmet needs for appropriate diagnosis and effective treatment.

In summary, this Research Topic consists of a collection of

excellent articles, aiming to help interested readers to navigate

through the classifications, understand the complex pathogenesis

a little bit more, and get inspiration with regard to therapeutic

considerations. We believe that the readers will enjoy reading this

Research Topic.
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Molecular Pathogenesis of Chronic
Myelomonocytic Leukemia and
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Klaus Geissler1,2*
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Numerous examples in oncology have shown that better understanding the
pathophysiology of a malignancy may be followed by the development of targeted
treatment concepts with higher efficacy and lower toxicity as compared to unspecific
treatment. The pathophysiology of chronic myelomonocytic leukemia (CMML) is
heterogenous and complex but applying different research technologies have yielded a
better and more comprehensive understanding of this disease. At the moment treatment
for CMML is largely restricted to the unspecific use of cytotoxic drugs and
hypomethylating agents (HMA). Numerous potential molecular targets have been
recently detected by preclinical research which may ultimately lead to treatment
concepts that will provide meaningful benefits for certain subgroups of patients.

Keywords: CMML, chronic myelomonocytic leukemia, molecular, pathogenesis, targets, treatment
HIGHLIGHTS

• CMML is a clinically, molecularly and biologically heterogenous disease
• The combination of molecular data, functional in vitro findings, and in vivo preclinical models

provide a comprehensive view of CMML pathogenesis
• Mutations in TET2 are common initial clonal driver abnormalities in CMML
• ASXL1 mutations play a major role in the transformation process into AML
• There is a close correlation between growth factor-independent myeloid colony-formation and

the presence of RAS-pathway mutations
• RAS-pathway activation is a crucial pathophysiologic process for GM-CSF hypersensitivity,

myeloproliferation, progressive disease and transformation into AML
• Numerous molecular targets provide the rationale for individualized treatment concepts in

patients with CMML
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INTRODUCTION

Although the term chronic myelomonocytic leukemia (CMML)
has been used previously, CMML has been officially, based on
morphological criteria/phenotype, acknowledged as a specific
entity in the FAB classification 1976 (1, 2). It is characterized by
leukocytosis with monocytes and granulocytic cells in all stages
of development, marked dysmyelopoiesis, a variable course,
unresponsiveness to aggressive chemotherapy and an inherent
risk of transformation to acute myeloid leukemia (AML) (3).
With regard to the presence of myeloproliferation CMML was
originally subdivided into myeloproliferative disorder MP-
CMML (WBC count >13 x 109/L) versus myelodysplastic
syndrome MD-CMML (WBC count ≤13 x 109/L MD-CMML)
by the FAB criteria (4). Since CMML is characterized by features
of both a MDS and a MPN the World Health Organization
(WHO) classification of 2002 assigned CMML to the mixed
category MDS/MPN (5). CMML is further subclassified by
WHO into three groups based on blast equivalent (blasts plus
promonocytes) in peripheral blood (PB) and bone marrow (BM)
as follows: CMML-0 if PB <2% and BM <5% blast equivalent,
CMML-1 if PB 2-4% or BM 5-9% blast equivalent, and CMML-2
if PB 5-19% or BM 10-19% blast equivalent, and/or Auer rods are
present (6). The median survival of reported series is highly
variable indicating a significant clinical heterogeneity of the
disease (7–12).
PATHOGENESIS OF CMML

Cancer is a biologically complex disease with characteristics
acquired during the course of a multistep development process.
In the past many research tools have been applied to better
characterize the phenotypic, genotypic and functional features of
cancer and to deeper understand the pathophysiology of
malignancy with the ultimate goal to identify prognostic and
predictive biomarkers, to render diagnosis more precisely and to
develop targeted therapeutics for personalized medicine. No
single technology is sufficient to consider all aspects of tumor
complexity and information from different technologies are
required to provide a comprehensive picture of cancer.

Structural Analysis by Sequencing Studies
In 1987 a mutation within codon 12 of the NRAS gene was
reported for the first time by Janssen et al. in a patient with
CMML in a study investigating molecular alterations of RAS
genes in a variety of preleukemic disorders and leukemias of
myeloid origin (13). Subsequently is has been shown that RAS
mutations are rare events in BCR/ABL negative chronic myeloid
leukemia (CML) but are prevalent in CMML (14). In this study
mutations in the RAS oncogene were found in 17 of 30 (57%)
CMML patients. In the last years the molecular landscape in
patients with CMML has been described by several groups.
Molecular abnormalities can be seen in >90% of patients with
CMML (15) with a marked heterogeneity among CMML
patients. A large number of gene mutations in genes encoding
epigenetic regulators (TET2, ASXL1, EZH2, UTX, IDH1, IDH2,
Frontiers in Oncology | www.frontiersin.org 28
DNMT3A) (9, 16–22) splicing factors (SF3B1, SRSF2, ZRSF2,
U2AF1) (23, 24), and cytokine signaling molecules (NRAS,
KRAS, CBL, JAK2, FLT3) have been reported (9, 25–29).
Mutations in the transcription regulators RUNX1, NPM1, and
TP53 have also been found in CMML (9, 30, 31). Table 1 shows
the frequencies of gene mutations in 3 different CMML cohorts
in which comprehensive molecular analyses has been reported
(9, 11, 32). Considering all molecular data reported mutations in
TET2 (~60%), SRSF2 (~50%), ASXL1 (~40%) and RAS pathway
(~30%) are most common (15) but no molecular aberration is
specific of this entity, as they can be detected with different
frequencies in other myeloid neoplasms (33).

Functional Analysis by In Vitro Studies
In 1988 Geissler et al. have originally reported extensive in vitro
formation of myelomonocytic colony forming units (CFU-GM)
without addition of exogenous growth factors in a subset of
patients with CMML (Table 2) (34). This spontaneous CFU-GM
colony formation in CMML was markedly reduced by addition
of anti-granulocyte/macrophage colony-stimulating factor (GM-
CSF) antibodies, but not by antibodies against other growth
factors, suggesting that this is a GM-CSF-dependent in vitro
phenomenon (35) Figure 1. The biologic basis for this
observation was later provided by Padron when he reported
hypersensitivity of CMML progenitors using phospho-STAT5
flow cytometry (36). Moreover, the group in Vienna could show
in a small retrospective study that CMML patients with high
spontaneous CFU-GM growth (>100/105 PB mononuclear cells)
have an inferior prognosis as compared to patients with low
TABLE 1 | Frequencies of molecular aberrations in different CMML cohorts.

Category Gene French
n = 312

Mayo Clinic
n = 175

Austrian
n = 222

Epigenetic
regulation

TET2 58% 46% 67%
ASXL1 40% 47% 24%
EZH2 5% 1% 16%
IDH1 <1% 2% NA
IDH2 6% 5% NA
DNMT3A 2% 5% 8%

RNA splicing SF3B1 6% 6% 5%
SRSF2 46% 45% 20%
ZRSF2 8% 5% 7%
U2AF1 5% 8% 6%

Cytokine signaling NRAS 11% 12% 15%
KRAS 8% NA 9%
CBL 10% 14% 10%
PTPN11 NA 5% 5%
JAK2 8% 4% 13%
FLT3 3% 1% NA

Others RUNX1 15% 14% 9%
NPM1 1% 3% NA
TP53 1% 5% 3%
SETBP1 NA 19% 21%
CEBPA NA 6% NA
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myeloid colony formation suggesting a clinical significance of the
original observation (37). These results have been recently
extended in a much larger CMML patient cohort indicating
that spontaneous myeloid colony-formation was, compared to
other single established prognostic factors, the strongest predictor
regarding overall survival (OS) (38). This may indicate that in vitro
cultures using unmanipulated mononuclear cells (MNC) may be a
more global test that covers different aspects of malignancy better
than any of the single parameters that are currently used to
characterize the behavior of a tumor.

There is also another in vitro phenomenon that seems to be
characteristic for CMML patients. Semisolid in vitro cultures
from PBMNC of normal individuals usually contain a higher
concentration of erythroid colonies (BFU-E) as compared to
myeloid colonies (CFU-GM). Skewed differentiation toward the
myelomonocytic over erythroid commitment in patients, as
indicated by an inverse BFU-E/CFU-GM ratio, is a common
finding in CMML patients (39). Interestingly, the lack of
Frontiers in Oncology | www.frontiersin.org 39
myelomonocytic skewing separated patients with a particularly
favorable prognosis and a minimal risk of transformation.

In Vivo Analysis by Preclinical
Mouse Models
Myelomonocytic leukemias can be recapitulated by transplantation
ofmouseBMcells carryinganoncogenicmutation in theNras locus
(40–42). Interestingly, alterations of the other RASopathy genes
including Kras, Cbl, Ptpn11 and Nf1 may also result in a similar
phenotype in preclinical mouse models (Table 3) (44–47). In all
these in vivo-models animals develop a myeloproliferative disorder
with clonal expansion of the granulomonopoiesis.

The effects of molecular aberrations in genes of the epigenetig
machinery have been also studied inpreclinical animalmodels (48–
50). In a mouse model with complete functional deletion of Tet2
resulted in a progressive enlargement of the hematopoietic stem cell
compartment and eventual myeloproliferation in vivo. Tet2 +/-
mice displayed increased stem cell self-renewal and extramedullary
hematopoiesis, indicating that Tet2 haploinsufficiency contributes
to hematopoietic transformation in vivo (48). Importantly, one
third of Tet2 -/- and 8% of Tet2 +/-mice died within 1 year of age
because of the development ofmyeloidmalignancies reminiscent of
CMML indicating that Tet2 loss may represent a predisposition for
the development of this malignancy. Moreover, it was shown that
transplantation of Tet2 -/-, but not wild-type (WT) or Tet2 +/- BM
cells, was associated with elevated white blood cell (WBC) counts,
monocytosis and splenomegaly in WT recipient mice (49).

Comprehensive View of Pathogenesis
Recent evidence suggests that considering cancer only as a
consequence of genetic aberrations is too simple (77). There is
growing evidence that the complex nature of transformation
from a normal to a cancer cell within different tissues is a result
of the interplay among genetic and epigenetic events, tissue
structure, exposure and the tissue microenvironment. Thus,
molecular analysis of a tumor by NGS alone may be not
sufficient to cover the biology of a tumor and emphasize the
need for more comprehensive methods to characterize the
biology of a tumour. By combining structural data, functional
in vitro findings, an in vivo preclinical models a comprehensive
view of pathogenesis of CMML is possible.

Similar to the in vitro phenomenon of spontaneous erythroid
colony (78) and megakaryocyte colony formation (79) due to
hypersensitivity to growth factors in patients with BCR/ABL
negative MPN spontaneous myeloid colony formation seems to
be an in vitro feature in a subset of patients with CMML.Molecular
aberrations of RASopathy genes in murine hematopoietic cells
induce growth-factor-independent CFU-GM formation in vitro
due tohypersensitivity of granulomonocyticprecursors toGM-CSF
(40, 41, 43, 44, 46, 47). Moreover, in juvenile myelomonocytic
leukemia (JMML) in which molecular aberrations are mainly
restricted to RASopathy genes autonomous myeloid colony
formation due to GM-CSF-specific hypersensitivity is a hallmark
feature of disease, which has been included in the diagnostic criteria
(80). In a small series of CMML patients who had in vitro cultures
and molecular analyses Geissler et al. observed a close correlation
betweenhigh spontaneousmyeloid colonygrowth and the presence
TABLE 2 | Myeloid colony formation in patients with CMML.

Source CFU-C/2.5 x 104 MNC

With CSA P1 1 BM MNC 910
6 Controls BM MNC 19.8 ± 8.5
Pt 2 PB MNC 23.0
6 Controls 0.36 ± 0.15

Without CSA P1 1 BM MNC 815
6 Controls BM MNC 0.0 ± 0.0
Pt 2 PB MNC 27.0
6 Controls 0.0 ± 0.0
In vitro cultures from patients with CMML using the CFU-C assay. Mononuclear cells from
patients and normal individuals were cultivated in semisolid cultures with or without
colony-stimulating activity (CSA). Data show in both CMML patients massively increased
myeloid colony (CFU-C) growth as compared to controls and also the formation of CFU-C
without the addition of exogenous CSA [adapted from Geissler, K., et al., Leuk Res 1988 (34)].
FIGURE 1 | Effect of anticytokine antibodies on spontaneous growth of
CMML cells in 3 patients. PB MNC were cultured with medium alone or with
antibodies against GM-CSF, G-CSF, IL-3, or IL-6, respectively. Data show a
marked inhibition of spontaneous CFU-GM growth in the presence of anti-
GM-CSF antibodies in all 3 patients indicating that autonomous colony
formation is a GM-CSF dependent in vitro phenomenon [adapted from
Geissler, K., et al., J Exp Med 1996 (35)].
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of RAS pathway mutations as shown in Figure 2 (81). This initial
observationwas later confirmed in a larger patient cohort including
100 CMML patients (82). The median number of spontaneously
formed CFU-GM/105MNCwas 147.5 in RAS-mutated patients as
compared with 2 in RAS-wildtype patients (p<0.00001).
Unstimulated myeloid colony formation in RAS-mutated patients
was also much higher than spontaneous formation of CFU-GM in
normal individuals (median 4.8/105 PBMNC) which has been
reported by this group previously (83). There was no significant
difference regarding spontaneous CFU-GM formation in CMML
patients with molecular aberrations in genes of epigenetic
regulation and RNA-splicing, respectively. High spontaneous
myeloid colony formation was also never observed in CMML
patients with the JAK2 V617F mutation as the only molecular
aberration in signaling pathways [Geissler et al., unpublished data].
All these findings, in mouse and human, indicate that
hypersensitivity to GM-CSF, as manifested by growth factor-
independent CFU-GM growth in vitro, is caused by molecular
aberrations of the RAS-pathway which may be a major driver in
CMML pathogenesis, in particular in MP-CMML. Moreover, it
reveals high autonomous CFU-GM growth as a functional
surrogate parameter of RAS pathway hyperactivation in CMML.

Myelomonocytic skewing has been proposed as a key
phenomenon in the pathophysiology of CMML. In a seminal
paper using mutation-specific discrimination analysis of single-cell-
derived colonies in 28 patients with CMML, Itzykson et al. could
showthat themain featuresof thisdiseaseareearly clonaldominance,
arising at the CD34+/CD34- stage of hematopoiesis, and
granulomonocytic differentiation skewing of multipotent and
common myeloid progenitors (84). Geissler et al. could
Frontiers in Oncology | www.frontiersin.org 410
demonstrate that myelomonocytic skewing as determined by
semisolid cultures can separate subgroups of CMML patients with
a different phenotype, a different genotype and a different prognosis
(39). The definitive link of this phenomenon to the pathophysiology
of CMML comes from animal studies in which hematopoietic cells
are genetically manipulated with molecular aberrations that are
commonly found in CMML patients. Functional inactivation of
TET2 in cord blood CD34+ cells skews progenitor differentiation
toward the granulomonocytic lineage at the expense of lymphoid and
erythroid lineages (85). In mice, deletion of Tet2 results in an
increased hematopoietic repopulating capacity with an altered
differentiation skewing towards the granulomonocytic lineage (49).
Other epigenetic modifiers such as ASXL1 have also been shown to
impact skewing of hematopoiesis. Asxl1 -/- mice had a reduced
hematopoietic stem cell (HSC) pool, and Asxl1 -/- HSCs exhibited
decreased hematopoietic repopulating capacity, with skewed cell
differentiation favoring granulocytic lineage (50). Furthermore the
splicing factors SRSF2 andU2AF1 seem to affect skewing.Mutations
in both SRSF2 and U2AF1 are associated with abnormal
differentiation by skewing granulomonocytic differentiation
towards monocytes (86). Collectively, many molecular aberrations
that can be found in CMML, inducemyelomonocytic skewing in the
preclinical mouse model providing the genetic basis for this key
finding in patients.

Age Related Mutations in CMML
Recent molecular analyses of large populations have indicated
that somatic mutations in hematopoietic cells leading to clonal
expansion are commonly acquired during human aging (87).
Clonally restricted hematopiesis is associatedwith an increased risk
TABLE 3 | Mouse models with CMML-like phenotype.

Genotype Strain Activation Phenotype Reference

Nras G12D C57BL/6 Conditional Monocytosis, granulocytosis, Wang (40)
activation splenomegaly

spontaneous CFU-GM growth
Nras G12D C57Bl/6 Conditional Leukocytosis, splenomegaly Li (41)

activation spontaneous CFU-GM growth
Nras G12D BALB/c Transgenic Granulocytosis, monocytosis, mastocytosis Parikh (42)

activation splenomegaly
Kras G12D C57BL/6 Conditional Leukocytosis, myeloid hyperplasi a in BM Chan (43)

activation splenomegaly
spontaneous CFU-GM growth

Kras G12D C57BL/6 Conditional Expansion of progenitor cells in spleen VanMeter (44)
activation spontaneous CFU-GM growth

c-CBL -/- C57BL/6 Transgenic Splenomegaly, thrombocytosis Murphy (45)
inactivation lymphoid hyperplasia

altered T-cell receptor expression
NF1 -/- C57Bl/6 Conditional Leukocytosis, splenomegaly Le (46)

inactivation spontaneous CFU-GM growth
PTPN11 D61Y C57Bl/6 Conditional Leukocytosis, anemia, Chan (47)

activation hepatosplenomegaly
spontaneous CFU-GM growth

TET2 -/- C57BL/6 Conditional monocytosis Moran-Crusio (48)
inactivation splenomegaly

TET2 -/- C57BL/6 Conditional Monocytosis, splenomegaly Li (49)
inactivation skewed differentiation toward G/M lineage

ASXL1 +/- B6.SJL Conditional Dyshematopoiesis, leukocytes heterogenous, Wang (50)
inactivation anemia, thrombocytopenia

skewed differentiation toward G/M lineage
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of subsequent diagnosis ofmyeloid neoplasia. As some of the genes
frequently mutated in age-related clonal hematopoesis such as
TET2 and ASXL1 are also commonly mutated in CMML and
aged hematopoiesis is characterized by a myelomonocytic
differentiation bias it was recently hypothesized that CMML and
aged hematopoiesis may be closely related (88). Analyses of the
somaticmutation landscape ofCMMLbywhole exome sequencing
followed by gene-targeted validation indicated that most CMML
patients (71%) had mutations in >2 age-related clonal
hematopoiesis (ARCH) genes and 52% had >7 mutations overall
(89). A higher mutation burden was associated with inferior
survival. Considering age-adjusted population incidence and
ARCH mutation rates one may speculate that CMML represents
the leukemic conversion of the myelomonocytic-lineage-biased
aged hematopoietic system.
Frontiers in Oncology | www.frontiersin.org 511
There is now increasing evidence that mutations in TET2 are in
fact an initial clonal driver in CMML (88, 90). This view is based on
the high frequency (60%) of these mutations in CMML patients (9,
19, 21, 22), the fact that TET2mutated clones can be detected in a
small fraction of older subjects with clonal, but non-leukemic
hematopoiesis (90–93), the competitive advantage of murine and
humanHSC invalidated for TET2 (48, 85) and the results of single-
cell clonal tracking experiments indicating that a TET2 mutation,
when present, is often the earliest recurrent genetic event inCMML
(84). According to data from this study the preferred order of
mutational accumulation is TET2 (or IDH1/2) or ASXL1 (EZH2)
first, followedbymolecular aberrations in spliceosome components
(SRSF2, SF3B1, U2AF1, or ZRSR2). Mutations in the RAS-signaling
pathway seem to be rather late events which induce GM-CSF
hypersensitivity and myeloproliferation.
FIGURE 2 | Mutation profiles in CMML according to spontaneous CFU-GM growth. Each row corresponds to one patient. The first column indicates the patient
number, the second the number of CFU-GM per 105 peripheral blood mononuclear cells (PBMNC), the third the white blood cell (WBC) count and all other columns
represent the status of genes. Colored squares indicate mutated, white squares wild-type genes. The clores of mutant genes indicate the most affected functional
categories. Red, green, and blue indicate RAS-pathway, epigenetic factors, and splicing factors, respectively. Mutations in the components of the RAS-pathway
were found in 12/15 (80%) CMML patients with high colony growth (≥100 CFU-GM/105 PBMNC) and in 2/9 (22%) patients with low spontaneous colony formation
(<100 CFU-GM/105 PBMNC). [adapted from Geissler, K. MEMO 2016 (81)].
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Progression of CMML and Transformation
to AML
Around 20% of CMML patients progress and transform to AML.
Although the mechanisms behind are not known in detail,
available data suggest that molecular aberrations in chromatin
modelling as well in cell signaling may contribute to this process.
Among genes of the epigenetic machinery, ASXL1 may have the
most important impact on transformation. The ASXL1 gene
regulates chromatin by interacting with the polycob-group
repressive complex proteins (PRC1 and PRC2). Abdel-Wahab
et al. reported that ASXL1 mutations resulted in loss of PRC2-
mediated H3K27 trimethylation (94). In a study by Itzykson et al.
in which the prognostic impact of different molecular aberrations
in CMML patients was studied, only ASXL1 mutations retained
their significant impact on AML-free survival in the multivariate
analysis indicating the major role of this molecular aberration in
the transformation process (9). Of these, only nonsense and
frameshift ASXL1 mutations have been shown to negatively
impact OS. The impact of mutations of RAS-pathway
components on progression/transformation of CMML is more
complex.Thefirst indicationof apotential role ofNRASaberrations
in CMML evolution has been reported, at the molecular level, by
Ricci et al. (95). In this study molecular analyses have been
performed in 22 MD-CMML patients and in 18 MP-CMML
patients. MP-CMML patients had a higher frequency of RAS
mutations compared with MD-CMML. In two patients who
progressed from MDS-CMML to MP-CMML, allele specific PCR
showed low levels of the RAS mutations at the time of
myelodysplastic disease which became predominant in the
myeloproliferative phase, documenting for the first time the
expansion of a RAS mutated clone in concomitance with CMML
evolution. Other studies have confirmed that the MPN phenotye
of CMML is a disease phase significantly associated with
hyperactivation of the RAS-pathway. In a study reported by the
Austrian study group MP-CMML as compared to MD-CMML
patients had higher circulating blasts, LDH, RAS-pathway
mutations, more often splenomegaly and higher growth-factor-
independentmyeloid colony growth in vitro (12). Recently, genetic
differences were assessed between subtypes in 973 molecularly
annotated Mayo Clinic-GFM-Austrian CMML patients. In this
analysisNRASmutations alone did not reach statistical significance
as an independent factor impacting AML-free survival, however,
the combined oncogenic RAS-pathway category including NRAS,
KRAS and CBL was statistically significant in a model that only
included genetic factors (74). Considering the fact, that
spontaneous colony formation in CMML functionally covers the
most frequentRASopathy genemutations (38) these data are in line
with findings in a small study which have been previously reported.
In this study patients with CMML growth-factor-independent
colony formation after transformation was significantly increased
as compared to CFU-GM growth before transformation (37).
Furthermore, a correlation of RAS-pathway mutations and
spontaneous myeloid colony growth with progression and
transformation could be demonstrated in a retrospective analysis
of 337 CMML patients (96). Moreover, recent preclinical models
also suggest that activating Nras mutations and somatic loss-of-
Frontiers in Oncology | www.frontiersin.org 612
functionmutations in Tet2 exert cooperating effects and accelerate
disease progression (97, 98). Altogether, thesefindings suggest that
oncogenic RAS-pathway activation is a phenomenon associated
with the MP-CMML phenotype, progressive disease and with
transformation to AML.
RISK ASSESSMENT OF CMML

The management of patients with CMML should be based on
risk assessment. Several studies have shown that the percentage
of PB and BM blasts is the most important factor determining
survival (7, 99–104). Genetic alterations including gene mutations
(7, 9, 10, 32) and chromosomal aberrations (105–107) further
refine prognosis and have been included in different prognostic
scoring systems. In the EHA guideline from 2018 five risk
stratification systems are recommended (7, 9, 10, 106, 108,
109). Mutations in ASXL1 are included in all 3 molecularly
based scoring systems whereas the molecular CMML-specific
prognostic scoring system (CPSS-mol) also includes NRAS,
SETBP1 and RUNX1 (10). A recent study validating different
prognostic models demonstrated comparable performance with
significant heterogeneity in predicting outcomes (110).
TREATMENT OF CMML

Traditionally many cancers have been treated with more or less
unspecific treatments such as cytotoxic drugs in the past. In a
molecular heterogenous malignancy this may have the advantage
that many subclones may be impacted by one drug with the
potential to improve symptoms associated with a high tumor
mass and potentially improve survival. Unfortunately, these
drugs often cause significant side effects due to the fact, that
also normal cells from tissues with a high proliferation rate may
be affected. Targeted drugs on the other hand may be of interest
if they are able to specifically hit a cellular component which is
critical for the pathophysiology of disease. Many examples from
other cancers have shown that with targeted treatment we can
expect higher efficacy and lower toxicity as compared to
conventional therapy. Unfortunately, CMML is a clinically and
molecularly heterogenous disease with sometimes multiple
clones that may be pathophysiologically relevant. Theoretically,
targeted treatment might offer clinical benefit only if these
subclones contribute to inferior prognosis and/or symptoms in
patients. Symptoms in patients with CMML are often the clinical
consequence of a high tumor mass. Myeloproliferation in CMML
is commonly associated with molecular aberrations in cytokine
signaling. In particular, as mentioned before, molecular
aberrations in components of the RAS signaling pathway are
frequently found in these patients. On the other hand there are
molecular markers that predict inferior survival. Targeting these
components may have the potential to modify the biology of
disease and to delay transformation to AML. For such concepts it
would be important to know if targeted treatment, at all, will be
beneficial in a complex disease such as CMML. Although this
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question cannot be answered for patients with CMML at the
moment, there is some indication from other malignancies that
treatment of subclones could be beneficial in patients. Patel et al.
published a small series of patients with BCR/ABL negative MPN
and a IDH2 mutation who were treated with the IDH2 inhibitor
enasidenib which is approved for the treatment of patients
with AML harboring this molecular aberration. Although
IDH2 is often subclonal in this disease treatment with this
IDH2 inhibitor resulted in clinically meaningful responses in
these patients (111).

Unspecific Targeting of DNA Replication
by Cytotoxic Molecules
Etoposide (VP16) is a DNA-damaging molecule by inhibition of
topoisomerase. Preliminary reports suggested that etposide could
give good results in CMML, with true complete responses in
some cases and in improvement rather than worsening of
cytopenias (51) (Table 4). Hydroxyurea (HU), a potent
ribonucleotide reductase inhibitor, acts as an S-phase-specific
agent with inhibition of DNA synthesis. In a randomized phase III
trial in patientswith proliferativeCMML,HUwasmore effective and
achieved faster response than cytotoxic chemotherapy with VP16
(52). Interestingly, this study remains up tonow the only randomized
trial in a pure CMML patient population which demonstrated a
survival benefit.Allogeneic stemcell transplantationwhich is theonly
curative therapy is rarely feasiblebecauseof ageand/or comorbidities.
While unresponsiveness to aggressive chemotherapy is a
characteristic for most CMML patients, there may be subgroups
that might benefit frommore intensive chemotherapy. Although the
presence of an NPM1 mutation, in contrast to AML patients, is an
inferior prognostic parameter in CMML, CMML patients with this
molecular aberration have shown relatively high response rates in a
retrospective analysis (112).

Specific Targeting of DNA Replication by
Antibody-Drug Conjugates
More targeted treatment with cytotoxic drugs can be expected by
more detailed immunophenotypical characterization of surface
proteins on CMML stem cells which could be used as potential
target structures for antibody-drug conjugates (113). One
example is the use of the IL-3 receptor as target structure for
tagraxofusp, a CD123-directed cytotoxin consisting of human
IL-3 fused to truncated diphtheria toxin. This antibody-drug
conjugate has shown impressive activity in blastic plasmacytoid
dendritic-cell neoplasm (BPDCN) that overexpressesCD123 (114).
In an early clinical trial in patients with relapsed/refractory CMML
80% (8/10) of the patients receiving tagraxofusp showed ≥50%
reduction in splenomegaly and three patients achieved bone
marrow CR (53).

Unspecific Targeting of the Epigenetic
Machinery by Hypomethylating Agents
It is important to note that the approval of the hypomethylating
agents (HMA) azacitidine and decitabine (DEC), respectively,
was originally based on MDS studies which included only few
patients with CMML. In a phase III clinical multicenter trial of
Frontiers in Oncology | www.frontiersin.org 713
358 MDS patients including 11 patients with dysplastic CMML
the median overall survival was 24.5 months in the azacitidine
(AZA) group as compared to 15.0 months in the conventional
care group leading to the FDA approval of AZA for this subtype
of CMML (54). The approval of decitabine (DEC) for CMML
was also based on a phase III clinical trial of 170 patients with
MDS, 14 of them with CMML (55). The ORR was significantly
higher in the DEC group versus supportive care (17% vs. 0%, p <
0.001), but the median OS was not significantly different between
the two arms. Additional phase II studies confirmed the efficacy
of hypomethylating agents in all subtypes of CMML and,
therefore, these agents are considered commonly as standard
of care for higher risk CMML (Table 3) (56–63). In the largest
retrospective study with a pure CMML cohort patients were
treated with AZA (n = 56) and DEC (n = 65) (115). The ORRs
were 41% by the IWG MDS/MPN response criteria (AZA-56%,
DEC-58%), with CR rates of <20% for both agents. No significant
differences in response rates were seen between MP-CMML and
MD-CMML. Similar findings were reported in a smaller,
prospective phase II Italian study, with 43 CMML patients
receiving DEC (63). The ORR after 6 cycles was 47.6%, with
seven CRs (16.6%), eight marrow responses (19%), one partial
response (2.4%) and four hematological improvements (9.5%).
After a median follow-up of 51.5 months, median OS was 17
months, with responders having a significantly longer survival
than non-responders. Despite some efficacy of HMA in CMML
patients one has to keep in mind that this treatment does not
alter mutational allele burden and disease biology (116).

Proof of efficacybutgreatly variable responsewithHMAprovide
the rationale for searching biomarkers that predict response.
Differentially methylated regions of DNA have been shown to
separate DEC responders from non-responders by Meldi (117).
Other predictors for response to HMA treatment were reported by
Duchmann et al. (118). In a retrospective analysis of 174 CMML
patients treated with HMA multivariate analysis mutations in
ASXL1 predicted lower ORR, and RUNX1 mutations and CBL
mutations predicted inferior OS. The combination of TET2
mutation and ASXL1 wildtype predicted higher CR and better
OS. A multicenter retrospective study including 949 non-selected,
consecutive CMML patients investigated whether HMA provide a
benefit in subgroups ofCMMLpatients (119). AdjustedmedianOS
for patients treated with HU versus HMA was 15.6 months as
compared to 20.7 months; (p=0.0002). In patients with MP-
CMML, median OS was 12.6 months as compared to 17.6
months; (p=0.0027) for patients treated with HU versus HMA.
HMA were not associated with an OS advantage for patients
classified as having lower-risk disease (ie, MD-CMML with <10%
blasts, CMML-0, or lower-riskCPSS).Considering all the caveats of
a retrospective nonrandomized trial these data suggest HMA as the
preferred treatment for patients with higher-risk CMML and those
with MP-CMML. A recent European multicenter randomized
phase III trial evaluating DEC +/- HU versus HU in advanced
MP-CMML, however, did not show significant differences in
outcome. Although HMA definitively play an important role in
the management of CMML patients the need for newer, rationally
derived therapies is apparent (120).
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TABLE 4 | Potential molecular targets in CMML.

Target Preclinical information Clinical study Reference

DNA-replication unspecific Phase I/II, n=10; etoposide (VP16) oral 50 mg Oscier (51)
2 x weekly – 100 mg 1 x daily
ORR: 70%
Phase III trial, n=105; Wattel (52)
HU arm: n=53; 1 g/d up to 4 g/d
ORR: 60%, md OS 20 mo
VP16 arm: n=52; 150 mg/wk up to 600 mg/wk
ORR: 36%, md OS 9 mo

DNA-replication CD123-
targeted

Phase II, n=10; tagraxofusp relapsed/refractory 80% (8/
10) spleen response (≥50% reduction in splenomegaly)

Patnaik (53)

3 patients achieved bone marrow CR
Epigenetic machinery
unspecific

Phase III, n=358, MDS including CMML Fenaux (54)
AZA 525mg/m2 per course
ORR 27%, md OS 24.5 mo
Conventional care group
ORR 5%, OS 15.0 mo
Phase III, n=170, MDS including CMML Kantarjian (55)
DEC 135 mg/m2 per course
ORR 17%, md OS 12.1 mo
Best supportive care
ORR 0%, md OS 7.8 mo
Phase II, n=19; DEC 100mg/m2 per course, Aribi (56)
ORR: 69%, md OS 19 mo
Phase II, n=31; DEC 135mg/m2 per course, Wijermans (57)
ORR: 36%, md OS 15 mo
Phase II, n=38; AZA 500-525mg/m2 per course Costa (58)
ORR. 39%, md OS 12 mo
Phase II, n=39; DEC 100mg/m2 per course, Braun (59)
ORR: 38%, md OS 18 mo
Phase II, n=10; AZA 500-525mg/m2 per course, Thorpe (60)
ORR. 60%, md OS 29 mo
Phase II, n=76; AZA 375-525mg/m2 per course, Ades (61)
ORR. 43%, md OS 29 mo
Phase II, n=48; AZA 500-525mg/m2 per course, Pleyer (62)
ORR. 70%, md OS 27.7 mo
Phase II, n=43; DEC 100mg/m2 per course, Santini (63)
ORR: 47.6%, md OS 17 mo

Epigenetic machinery
TET2-, IDH1-, IDH2-
targeted

Treatment with vitamin C mimicked TET2 restoration in a
reversible transgenic RNAi mouse model

Phase II, Ascorbic acid + AZA Preclinical
Cimmino (64)AML, MDS, MDS/MPN with TET2 mutations

NCT03397173
GM-CSF signaling growth factor independent in vitro myeloid colony

formation by CMML cells was inhibited by the addition
of Anti-GM-CSF antibodies
Demonstration of GM-CSF hypersensitivity of CMML
progenitors using phospho-STAT5 flow cytometry

Phase II, n=5, rhIL-10 4-8 mcg/kg/day sc
no meaningful effects on the WBC counts,
1/3 patients with skin infiltration markedly improved during
IL-10 therapy.
Phase I, n= of 15, lenzilumab (anti-GM-CSF)
200-600 mg iv days 1, 15 and day 1 in subsequent cycles
ORR of 33.3%
3/5 responders were NRAS mutated
1/10 nonresponders was NRAS mutated

Preclinical
Geissler (35)
Padron (36)
Clinical
Pöchlauer (65)
Patnaik (66)

FLT3 signaling Increased FLT3-signaling in an MPN model of mice carrying
a mutation in the RING finger domain of c-CBL

Phase I/II, quizartinib (FLT3i) + AZA, MDS, MDS/MPN with
FLT3 or CBL mutations

Preclinical
Rathinam (67)

NCT04493138
RAS pathway signaling The MEKi PD0325901 induced a rapid and sustained

reduction in leukocyte counts, enhanced erythropiesis,
prolonged survival, corrected aberrant proliferation and
differentiation of BM progenitor cells in a Kras G12D
mouse model
The MEKi PD0325901 induced a durable drop in leukocyte
counts, enhanced erythropoietic function and markedly
reduced spleen sizes in a Nf1 -/- mouse model

Phase II, n=11 (RAS mutated CMML cohort); trametinib
(MEKi), 2 mg/day orally
ORR 27%, md OS 14.5 mo

Preclinical
Lyubynska (68)
Chang (69)

Clinical
Borthakur (70)

(Continued)
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Specific Targeting of the Epigenetic
Machinery by IDH Inhibitors and
TET2 Modifiers
TET2 enzymes have been shown to provide a homeostatic link
between intracellular metabolism and epigenetic gene regulation
(121). These evolutionary conserved dioxygenases play a key role
in the conversion of 5-methyl-cytosine (5-mC) to 5-
hydoxymethyl-cytosine (5-hmC). TET dioxygenases require
alpha-ketoglutarate, oxygen, Fe(II), and ascorbate for optimal
activity (122). Isocitrate dehydrogenase (IDH) is a key enzyme
for cellular respiration in the tricarboxylic acid (TCA) cycle. IDH
mutations found in malignancies block normal cellular
differentiation and promote tumorigenesis via the abnormal
production of the oncometabolite 2-hydroxy-glutarate (2-hG).
Recently, two inhibitors targeting IDH2 and IDH1 gene
mutations, have become important components in AML
management since molecular aberrations of IDH genes can be
found in 20% of patients AML (123, 124). Although mutations
involving IDH1 and IDH2 are uncommon in CMML (1% and 5-
10%, respectively) IDH1/2 inhibitors are likely to present
therapeutic options for these patients.

Loss-of-function mutations in TET2 occur in around 60% of
CMML patients and are considered mutually exclusive with
IDH1/2 mutations. Recently there has been accumulated
significant preclinical evidence suggesting that ascorbate can
restore dysfunctional TET2 activity. Agatocleous et al.
generated mice lacking Gulo, the enzyme responsible for
ascorbate synthesis. The resulting phenotype resembled mice
carrying a homozygous Tet2 deletion (48). Indeed, ascorbate-
depleted stem and progenitor cells showed decreased levels of
5-hmC, predominantly mediated by reduction of Tet2 function
(125). On the other hand treatment with vitamin C mimicked
Tet2 restoration in a reversible transgenic RNAi mouse model as
described by Cimmino (64). Low ascorbate levels have been
Frontiers in Oncology | www.frontiersin.org 915
demonstrated in a subgroup of patients with hematologic
malignancies (126). Although no beneficial effects of vitamin C
intake regarding leukemia development have been seen in
previous reports, these new preclinical data show that the
possible impact of supra-physiological concentrations of
vitamin C on leukemogenesis remains an interesting treatment
concept, particular in CMML-patients harboring a partial or
complete loss of TET2 function. In fact the is a current phase II
trial which studies the effect of ascorbate in combination with
AZA in patients with newly diagnosed AML, MDS, MDS/MPN
with TET2 mutations (NCT03397173).

Targeting of GM-CSF Associated
Signaling
Geissler et al. have shown that growth factor-independent
in vitro myeloid colony formation by CMML cells can be
inhibited by the addition of anti-GM-CSF antibodies, but not
by addition of antibodies against IL-6, Il-3, or G-CSF indicating
that GM-CSF signaling may play an important role in the
pathophysiology of CMML (35). Because of its cytokine
synthesis-inhibiting effects IL-10 was studied on CMML cell
growth in vitro. The addition of IL-10 revealed a profound and
dose dependent inhibitory effect on spontaneous in vitro growth
of CMML cells (35). It was shown that IL-10 induced
suppression of CMML cell proliferation was associated with
reduced GM-CSF production by leukemic cells, both at the
mRNA and protein level. Therefore it was concluded that the
inhibitory effect of IL-10 in vitro is most likely through
suppression of endogenous GM-CSF release. Based on these
findings a small pilot trial was initiated in which five patients
with CMML were treated with 4µg/kg/day recombinant human
IL-10 sc for 1 month and with 8 µg/kg/day for another month
(65). Although no meaningful effects of IL-10 treatment was seen
on the WBC counts in any of the five patients, one out of three
TABLE 4 | Continued

Target Preclinical information Clinical study Reference

JAK signaling The specific JAK2 inhibitor TG101209 inhibited
spontaneous CFU-GM growth in vitro in all 10 CMML
patients tested

Phase I/II, n=20, ruxolitinib in 5-20 mg twice daily
ORR 35%
5/9 spleen response
10/11 symptom response

Preclinical
Geissler (71)
Clinical
Padron (72)
Preclinical

PI3K signaling Inhibition of PI3K signaling was effective in Kras+ and NF1-
mouse models that show many characteristics of CMML
including leukocytosis, anemia and splenomegaly

Akutagawa (73)

Cell cycle machinery Pharmacologic inhibition of PLK1 was effective in RAS
mutant patient-derived xenografts

Phase II, CFI-400945 (PLK4 inhibitor) + HMA Preclinical
Carr (74)AML, MDS, CMML

NCT04730258
Inflammasome Kras driven myeloproliferation and cytopenia was reversed

by functional inactivation of NLRP3 as well as by
therapeutic IL-1-receptor blockade.

Phase II, canakinumab (anti-IL-1ß) Preclinical
Hammershe (75)LR-MDS, CMML

NCT04239157
Multiple signaling pathway Combined inhibition of the MEK and JAK/STAT signaling

greatly inhibited human and mouse CMML cell growth
in vitro, rescued mutant NrasG12D expressing HSC
function in vivo, and promoted long-term survival without
evident disease manifestation in animals with RAS-pathway
driven MP-CMML

Preclinical
Kong (76)
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patients with histologically confirmed skin infiltration markedly
improved during IL-10 therapy. IL-10 administration was
associated with a decline in lysozyme serum levels, a
biomarker of the monocytic cell lineage, and downregulation
of CD86 which has been shown to be upregulated by GM-CSF
and downregulated by IL-10 in vitro. Interestingly, the clinical
impact of IL-10 war recently supported by a study in which
cytokine profiles were analyzed using cryopreserved PB plasma
samples from 215 CMML patients (127). CMML patients with
decreased IL-10 expression were found to have a poor OS when
compared to CMML patients with increased IL-10 expression
(P = 0.017), even when adjusted for other prognostic features
including ASXL1.

Lenzilumab is a monoclonal antibody with high affinity for
human GM-CSF. Based on data showing that anti-GM-CSF
antibodies significantly inhibited the growth factor independent
myeloid in vitro colony formation from primary CMML patient
samples (35) and a study reporting that 90% of primary CMML
samples demonstra ted GM-CSF-dependent STAT5
hypersensitivity (36) lenzilumab was studied in CMML patients.
In this early clinical trial of 15 CMML patients the antibody was
well tolerated and effective with a durable ORR of 33.3% (66).

Targeting of FLT3 Associated Signaling
The clinical management of FLT3-mutated AML has been
changed by the development of FLT3 inhibitors such as
midostaurin and gilteritinib which are now in use in the
frontline and relapsed/refractory settings in patients with a
FLT3 mutation (128, 129). FLT3 aberrations have been
reported in 1-3% of CMML patients (9, 32). Although these
aberrations are uncommon in CMML FLT3 signaling may also
occur in wildtype FLT3 malignancies. Thus, mice carrying a
mutation in the RING finger domain of c-CBL develop a
myeloproliferative disease involving hematopoietic progenitors
that show increased FLT3 signaling (67). The incidence of
molecular aberrations of the CBL gene has been reported from
10-14% (9, 11, 32) and thus is more common than that of the
FLT3 gene. Therefore, CMML patients with mutations in the
CBL gene could be potential candidates for studies with FLT3
inhibitors. In an ongoing phase I/II trial the FLT3 inhibitor
quizartinib in combination with AZA is investigated in patients
with untreated or HMA-refractory MDS, MDS/MPN with FLT3
or CBL mutations (NCT04493138).

Targeting of RAS-Pathway Signaling
Mutated RAS proteins have been deemed “undruggable” for a long
timedue to their high affinity forGTP and lack of accessible binding
pockets.However, thediscoverybyOstremet al. of compounds that
covalently bind to the switch II pocket ofKRAS G12C provided the
rationale for the development of inhibitors suitable for clinical
testing (130). At the moment this concept does not play an
important role in the treatment concepts for CMML, since the
KRAS G12Cmutation is extremely rare in CMML.

RAS proteins require post-translational farnesylation by the
enzyme farnesyltransferase to become functionally active.
Therefore, inhibitors of this enzyme have been considered as
Frontiers in Oncology | www.frontiersin.org 1016
potential candidates for RAS-pathway inhibition. In a clinical
phase III trial 85 patients with newly diagnosed JMML, a RAS
pathway driven disease, were enrolled between 2001 and 2006
(131). 47 patients received the FTI tipifarnib alone in a phase II
windowbeforeproceeding toHSCT.Tipifarnibasa singleagentwas
safe and achieved a response rate of 51%, but failed to reduce relapse
rates or improve long-termoverall survival in the phase III trial. In a
preliminary report of a phase II trial in CMML patients tipifarnib
was well tolerated, however, had only limited efficacy (132).

The elucidation of the RAS/MEK/ERK signaling pathway in
regulating cell proliferation has stimulated the development of
selective MEK inhibitors (MEKi). These molecules represent
promising therapies for RAS-driven neoplasias and RASopathies
associated with hyperactivated RAS signaling. Preclinically, the
MEKi PD0325901 was highly effective in reversing the CMML-
like phenotype in a Kras G12D and in a NF1 -/-mouse model (68,
69). In a phase II study in patients with in Neurofibromatosis 1
(NF1) which is a prototypic RASopathy the MEKi selumetinib
resulted in at least 20% reduction in the size of plexiform
neurofibromas (pNF) from baseline in 71% of patients and was
associated with clinically meaningful improvements (133). On the
basis of this clinical benefit, selumetinib received FDA approval for
children 2 years of age and older with inoperable, symptomatic
pNF. In another phase II trial trametinib, another MEKi, was
studied in patients with relapsed/refractory leukemias (70).
Cohort 1 included patients with relapsed/refractory AML or
high-risk MDS with NRAS or KRAS mutations, cohort 2 patients
with AML, MDS, or CMML with a RAS wild-type mutation or an
unknown mutation status, and cohort 3 patients with CMMLwith
an NRAS or KRAS mutation. The recommended dose for
trametinib was 2 mg orally daily. The overall response rates for
cohorts 1, 2, and 3 were 20%, 3%, and 27%, respectively, with a
preferential activity among myeloid malignancies with RAS
mutations. Repeated cycles of trametinib were well tolerated with
manageable or reversible toxicities. Thus, some therapeutic
potential of trametinib was demonstrated in myeloid
malignancies, particularly in RAS-pathway mutated CMML.

Targeting of JAK-Stat Signaling
There is some evidence of activity or JAK inhibitors in CMML
patients. In a study by Geissler the specific JAK2 inhibitor
TG101209 was found to either block or strongly inhibit
spontaneous CFU-GM growth in vitro in all 10 CMML patients
tested (71). Among these 10 patients 6 were tested by NGS and, in
5 of them, RAS-pathway hyperactivation was documented due
to mutations in NRAS (n=3) or PTPN11 (n=2), respectively. In
a NRAS-mutant CMML patient who was treated with the
JAK1/2 inhibitor ruxolitinib off label, spleen response and
the disappearance of constitutional symptoms was associated
with a decrease of autonomous CFU-GM formation ex vivo.
Thus, therapeutic potential of inhibition of the JAK2/STAT5
pathway by ruxolitinib in CMML is suggested. In a phase I/II
clinical trial of ruxolitinib in 20 CMML patients the recommended
dose of ruxolitinib was 20 mg twice daily and the ORR of 35%, 5/9
spleen responses, and 10/11 symptom responses were seen (72).
Correlative analysis demonstrated a downregulation in
September 2021 | Volume 11 | Article 751668
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inflammatory cytokines and GM-CSF-dependent STAT5
phosphorylation in responders. Further studies are required to
demonstrate a potential disease modifying effect of ruxolitinib
in CMML.

Targeting PI3 Kinase Signaling
Biological crosstalk is a phenomenon in which one component of a
signal transduction pathway can affects another pathway. Thus, the
PI3Kinase-pathwaymaybe aberrantly activated inCMMLwithout
molecular aberration in it. Treatment with inhibitors of this
aberrantly activated signaling could have the potential to impact
malignant cell growth.Using the class I PIK3 inhibitor pictilisib this
approachhas been successfully applied in aKrasG12D and in aNF1
-/-mousemodelwith aCMML-like phenotype (73). In thismodels,
pictilisib attenuated activation of both PI3K/AKT and RAS/MEK/
ERK pathways in primary hematopoietic cells. Several PI3K
inhibitors have now received regulatory approval for the
treatment of breast cancer and B-cell malignancies suggesting
that the treatment concept of PI3K-pathway inhibition comes
into the clinic (134, 135). Thus, based on some crosstalk between
the RAS-signaling and the PI3K/AKT-pathway PI3K inhibitors
could be important molecules for the design of future therapeutic
strategies for patients with CMML.

Targeting the Cell Cycle Machinery
In MP-CMML RAS-pathway mutations are associated with a
unique gene expression profile enriched in mitotic kinases
including polo-like kinase 1 (PLK1) (74) as shown in a study
using a multiomics platform and biochemical and molecular
analyses. In this study unmutated MLL regulated PLK1
transcript levels via promoter monomethylation of lysine 4 of
histone 3. In the preclinical mouse model pharmacologic
inhibition of PLK1 was effective in RAS-mutant patient-derived
xenografts providing the rationale for a new biomarker-
driven therapeutic approach in patients with proliferative
CMML. Currently the administration of the PLK4 inhibitor
CFI-400945 with or without HMA is tested in a phase II trial
in patients with relapsed/refractory or untreated AML, MDS, or
CMML (NCT04730258).

Targeting of the Inflammasome
The inflammasome is a multimeric protein complex including
NLRP3, NLRC4, AIM2 and NLRP6 that initiates an inflammatory
form of cell death (pyroptosis) and triggers the release of
proinflammatory cytokines (136). Recently, a functional link
between oncogenic Kras G12D and inflammasome activation
Frontiers in Oncology | www.frontiersin.org 1117
was reported in a preclinical model (75). In this mouse model
Kras driven myeloproliferation and cytopenia was reversed by
functional inactivation of NLRP3. A similar phenotypic
improvement was seen with therapeutic IL-1-receptor blockade.
Importantly, Kras activation induced the production of reactive
oxygen species suggesting that KRAS not only has an ongogenic
driver function but also activates the proinflammatory machinery.
These findings open a new therapeutic opportunity for Kras
mediated malignancies including CMML. Interestingly, there is
a current phase II study, in which the anti-IL1ß inhibitor
canakinumab is studied in ESA or HMA-refractory low risk-
MDS or CMML (NCT04239157).
Targeting More Than One Pathway
Given the complexity of CMML one can expect, that
combinations of molecules impacting different pathways may
yield better efficacy. At least in preclinical models this seems to be
true (76). In Nras hyperactive mouse models mimicking MP-
CMML inhibition of the MEK-pathway alone was only partially
effective to improve disease associated features. Despite MEK
inhibitor treatment 60% of Nras G12D expressing mice died
within 20 weeks and surviving animals continued to retain their
MP-CMML phenotype. Combined inhibition of the MEK and
JAK/STAT signaling, however, greatly inhibited human and
mouse CMML cell growth in vitro, rescued mutant Nras
G12D-expressing HSC function in vivo, and promoted long-
term survival without evident disease manifestation in animals
with RAS-pathway driven MP-CMML. Still much work has to be
done to address optimal ways to target these pathways in patients
with CMML to improve clinical outcome.
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Myeloproliferative neoplasm (MPN) with PCM1-JAK2 rearrangement is a rare disease with
poor prognosis and lacks uniform treatment guidelines. Several studies confirmed the
efficacy of ruxolitinib in hematological malignancies with PCM1-JAK2 fusion, but the
efficacy is variable. Here, we report two patients diagnosed with MPN with PCM1-JAK2
fusion who were treated with ruxolitinib-based regimen, including the first case of
ruxolitinib combined with pegylated interferon (Peg-IFN), and we conduct a literature
review. We found that ruxolitinib combined with Peg-IFN is an effective treatment option in
the case of poor efficacy of ruxolitinib monotherapy.

Keywords: myeloproliferative neoplasms, PCM1-JAK2, ruxolitinib, pegylated interferon, case report
INTRODUCTION

JAK2 components play an important role in hematopoiesis, cell proliferation, and differentiation.
Abnormal activation of JAK pathway by gene mutations or rearrangements is common in
Philadelphia-negative myeloproliferative neoplasm (MPN). About 75% of typical Philadelphia-
negative MPN, including essential thrombocytosis (ET), polycythemia vera (PV), and primary
myelofibrosis (PMF), carry a specific V617F somatic mutation in JAK2 gene (1, 2). In contrast,
chromosomal translocations involving JAK2 gene are rare and have been reported in various
hematological malignancies. Among them, the PCM1-JAK2 fusion gene derived from t(8;9)(p22;
p24) is the most frequent (3–7). MPN with PCM1-JAK2 rearrangement is accompanied by varying
degrees of eosinophilia, lymphadenopathy/hepatosplenomegaly, and myelofibrosis (8). Based on
share characteristics, myeloid/lymphoid neoplasms (MLNs) with PCM1-JAK2 rearrangement has
been added as a provisional entity in the 2016 World Health Organization (WHO) classification of
myeloid neoplasms and acute leukemia (9).

MLN with PCM1-JAK2 rearrangement is a rare disease with poor prognosis and lacks unified
treatment guidelines. Up to now, allogeneic hematopoietic stem cell transplantation (allo-HSCT) is
the only way that can cure the disease. Ruxolitinib, a JAK2 inhibitor, has been approved by the
United States Food and Drug Administration for the treatment of intermediate- and high-risk PMF
October 2021 | Volume 11 | Article 753842122
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according to the findings of two randomized controlled trials (10,
11). However, ruxolitinib is not yet approved for MPN with
PCM1-JAK2 rearrangement, although it has been shown to be
effective. Here, we report two patients with MPN with PCM1-
JAK2 fusion who received ruxolitinib-based regimen, one of
which is the first report of ruxolitinib combined with pegylated
interferon (Peg-IFN) at home and abroad.
CASE PRESENTATION

Case 1
In October 2020, a 42-year-old man was referred to our
department because of leukocytosis (leukocyte 48.4 × 109/L)
with eosinophilia (eosinophils 3.97 × 109/L), mononucleosis
(monocyte 1.9 × 109/L), and anemia (hemoglobin 106 g/L). The
platelet count is normal (159 × 109/L). The morphological test of
peripheral blood showed that eosinophils accounted for 9%,
monocytes accounted for 9%, and blasts accounted for 1%.
Ultrasound showed that the spleen is slightly larger (length 13.2
cm) without lymphadenopathy and hepatomegaly. The bone
marrow analyses showed hypercellular morphology (myeloblast
2%, monoblast 2%, promonocyte 9%, and eosinophilia) with
dyshematopoiesis in granule and erythroid linages, but no
evidence of myelofibrosis. Bone marrow immunohistochemistry:
myeloperoxidase (3+), glycophorin A (2+), CD3 (−), CD20 (−),
CD38 (−), and CD34 (−). Chromosomal analysis showed a
karyotype of 46,XY,t(8;9). Targeted next-generation sequencing
(NGS) was negative. RNA sequencing revealed that exon 36 of
PCM1 was fused to exon 8 of JAK2. In conclusion, the patient was
diagnosed with MLN with eosinophilia (MLN-Eo) and PCM1-
JAK2 rearrangement according to the 2016 WHO criteria (12).

Induction treatment for the patient was hydroxyurea (HU; 500
mg qd) combined with ruxolitinib (with initiating dose of 5 mg qd
and then escalated to 15 mg bid). The patient achieved complete
hematologic remission (CHR) in 1 month and then accepted the
maintenance therapy with ruxolitinib alone. Subsequently, his
leukocytes and eosinophils progressively increased, accompanied
by a reduction of platelet counts. Two and a half months after
stopping HU, the patient complained of abdominal distension,
and abdominal Doppler ultrasound indicated that the spleen was
3.5 cm below the ribs. PCM1-JAK2 quantitative PCR test
indicated 109.17% (no data at diagnosis). In addition to
ruxolitinib, Peg-IFN (90 mg s.c. qw) and HU (500 mg bid) were
administered. The patient tolerated the combined treatment well.
Assessment conducted 2 months later showed that leukocytes,
eosinophils, and platelets were significantly improved, the spleen
size returned to normal, and PCM1-JAK2 fusion transcript
decreased to 37.03%. These results suggested that the
combination of ruxolitinib and Peg-IFN was safe and effective.
Currently, the patient is still receiving combined therapy, and he is
planning to undergo haploidentical HSCT (Figure 1A).

Case 2
In December 2020, a 47-year-old man was referred to the
hematological department complaining of fatigue, tinnitus, and
Frontiers in Oncology | www.frontiersin.org 223
dizziness for 2 months. Count of blood cells test showed
leukocytes of 13.47 × 109/L, eosinophils of 2.52 × 109/L, severe
anemia (hemoglobin 66 g/L), and normal platelet counts (117 ×
109/L). Peripheral blood smear revealed the presence of
immature granulocytes and erythrocytes, with teardrop-like
erythrocytes and 14% eosinophils. Physical examination
suggested hepatosplenomegaly. The bone marrow morphology
was hypercellular and showed granulocytic proliferation with
eosinophilic proliferation, reduced erythropoiesis, hyperplasia of
megakaryocytes, and grade 0-1 fibrosis according to European
Myelofibrosis Network criteria (13). Cytogenetic analysis
demonstrated a normal male karyotype. NGS was negative.
Fluorescence in situ hybridization study demonstrated that
BCR-ABL1, BCR-JAK2, ETV6-JAK2, ETV-FLT3, ETV-ABL1,
PDGFRA, PDGFRB, and FGFR1 fusion and rearrangement were
all negative. The PCM1-JAK2 fusion transcript was identified by
reverse transcription polymerase chain reaction (RT-PCR). The
break site was located in exon 36 of PCM1 and exon 9 of JAK2.
The diagnosis of MLN-Eo with PCM1-JAK2 fusion was
established. The patient returned to the local hospital for
treatment and was treated with HU (500 mg tid), ruxolitinib
(15 mg bid), and red blood cell transfusion after patient informed
consent. According to the white blood cell counts, HU was
discontinued after 0.5 months. One month later, the patient’s
white blood cells (1.66 × 109/L) and eosinophils (0.30 × 109/L)
decreased significantly, the hepatosplenomegaly was improved,
and the platelet (48 × 109/L) decreased, so the dose of ruxolitinib
was reduced. However, both white blood cells and eosinophils
were progressively increased since the dose of ruxolitinib was
reduced. The final dose of ruxolitinib was maintained at 10 and
15 mg alternately every day. During the treatment of ruxolitinib,
there was Grade 3 leukopenia and Grade 4 thrombocytopenia.
Later, the patient developed a huge spleen, which was considered
to be related to the insufficient dose of ruxolitinib. In short, the
patient cannot tolerate the therapeutic dose of ruxolitinib and is
preparing for allo-HSCT (Figure 1B).
DISCUSSION

So far, 68 cases of PCM1-JAK2 fusion have been reported in
hematological malignancies, most commonly in myelodysplastic
syndrome (MDS)/MPN and MPN. The median age is 50 years
(12–86 years), the male to female ratio is 3.17:1, 83.61% of patients
have varying degrees of eosinophilia, and 50% of patients have
myelofibrosis (Table 1 and Figure 2). Thirteen patients were
treated with ruxolitinib ± HSCT, of which 11 were myeloid
neoplasms and two were lymphatic neoplasms. Twelve were
responsive to ruxolitinib, and one was of uncertain efficacy;
however, the duration of response varied widely (Table 2). The
2021 National Comprehensive Cancer Network (NCCN)
guidelines for MLN-Eo with PCM1-JAK2 fusion recommend
that clinical trial is the preferred treatment option for patients
with chronic phase disease, and patients with chronic phase
disease can be treated with tyrosine kinase inhibitor (TKI)
monotherapy in the absence of a clinical trial. However, early
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referral to allo-HSCT should be considered for eligible patients,
since TKI therapy alone does not result in durable remissions. We
report two male cases diagnosed as MLN-Eo with PCM1-JAK2
fusion. Patient 1 was initially treated with ruxolitinib and HU to
obtain instant CHR but later experienced progressive increase of
white blood cells and eosinophils, which indicated treatment
failure. The effect was regained after the addition of Peg-IFN,
and PCM1-JAK2 fusion transcript decreased significantly,
suggesting that molecular response was obtained. As far as we
know, this is the first report of MLN-Eo and PCM1-JAK2 fusion
receiving ruxolitinib combined with Peg-IFN at home and abroad.
Unfortunately, limited by short follow-up time, we have not
observed patients obtained complete molecular response (CMR).
Patient 2 initially responded to treatment with ruxolitinib and HU,
but it was discontinued due to intolerant hematological toxicity.
Both cases indicated the effectiveness of ruxolitinib in MLN-Eo
with PCM1-JAK2 fusion, despite different durations of response
and toxicity, and both patients will undergo HSCT.

PCM1-JAK2 rearrangement has been reported in a variety of
hematological neoplasms (3–7), which indicates that the PCM1-
Frontiers in Oncology | www.frontiersin.org 324
JAK2 rearrangement lacks lineage specificity. Because of the
abnormality of the JAK2 signaling pathway in these diseases,
treatment with ruxolitinib may be effective. Previous documents
confirmed that ruxolitinib can inhibit the growth of PCM1-JAK2
transformed Ba/F3 mouse cells in vitro and the phosphorylation
of JAK-STAT5 pathway (18). Lierman (18) and colleagues
reported the first case of ruxolitinib in myeloproliferative
disease with PCM1-JAK2 rearrangement. A 72-year-old male
diagnosed with chronic eosinophilic leukemia (CEL) of PCM1-
JAK2 rearrangement received ruxolitinib alone 10–20 mg twice
daily, achieved complete cytogenetic response (CCyR) after 15
months, and was recurrence-free after 36 months (31).
Subsequently, Rumi et al. (21) reported a second similar case.
A 31-year-old woman was diagnosed with CEL with PCM1-
JAK2 rearrangement. She was treated with ruxolitinib 15 mg
twice, acquired complete clinical remission 1 year later, and
attained CCyR 46 months later, with a significant decrease in the
fusion transcript (31). These cases indicated that ruxolitinib is
valuable for MPN with PCM1-JAK2 rearrangement and could
induce long-term remission. Schwaab et al. (23) identically
A

B

FIGURE 1 | (A) The blood cell and PCM1-JAK2 fusion transcript changes in patient 1 over the course of the disease. (B) The blood cell changes in patient 2 over
the course of the disease. WBC, white blood cells; HB, hemoglobin; PLT, platelet; Eo, eosinophils.
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confirmed that ruxolitinib was valuable in myeloid neoplasms
with PCM1-JAK2 fusion, but the patient relapsed after 24
months on ruxolitinib. Recently, Schwaab et al. (28) reported a
series of nine myeloid malignancy cases treated with ruxolitinib
alone as first-line treatment, including eight cases of PCM1-JCK2
rearrangement and one case of BCR-JAK2 rearrangement. With
a median time of 4 months (range 2–18 months), five patients
achieved CHR. CCyR or CMR was observed in one patient. Their
data showed that all the patients did not have long-term
beneficial effects with ruxolitinib. In brief, the efficacy of
Frontiers in Oncology | www.frontiersin.org 425
ruxolitinib in MPN with PCM1-JAK2 fusion is inconsistent,
with some patients surviving for a long time after ruxolitinib
treatment and others relapsing early. There are also differences in
the efficacy of ruxolitinib in lymphoid neoplasms with abnormal
JAK2 pathway. Recent data (29) reported that an elderly woman
diagnosed with B-cell acute lymphoblastic leukemia (B-ALL)
with PCM1-JAK2 rearrangement failed to obtain complete
cytogenetic and molecular biological response after receiving
traditional chemotherapy and immunotherapy. Within 1 year
after ruxolitinib 10 mg bid treatment, the PCM1-JAK2 fusion
TABLE 1 | Hematological neoplasms with PCM1-JAK2 fusion from literature.

Authors Time Journals Number of cases

Reiter et al. (5) 2005 Cancer Research 7
Bousquet et al. (4) 2005 Oncogene 2
Murati et al. (3) 2005 Leukemia 4
Heiss et al. (14) 2005 Human Pathology 1
Adélaïde et al. (6) 2006 Leukemia 1
Huang et al. (15) 2008 International Journal of Hematology 1
Dargent et al. (16) 2011 European Journal of Haematology 1
Prochorec-Sobieszek et al. (17) 2012 Leukemia & Lymphoma 1
Lierman et al. (18) 2012 Blood 1
Masselli et al. (19) 2013 British Journal of Haematology 1
Patterer et al. (20) 2013 Annals of Hematology 6
Rumi et al. (21) 2013 Journal of Clinical Oncology 1
Saba et al. (22) 2013 Blood 1
Schwaab et al. (23) 2015 Annals of Hematology 1
Song et al. (24) 2016 Annals of Laboratory Medicine 1
Baer et al. (25) 2018 Haematologica 7
Lee et al. (26) 2018 Annals of Laboratory Medicine 1
Riedlinger et al. (7) 2019 JCO Precision Oncology 1
Salehi et al. (27) 2019 Leukemia & Lymphoma 1
Tang et al. (8) 2019 Modern Pathology 10
Schwaab et al. (28) 2020 American Journal of Hematology 8
Wouters et al. (29) 2021 British Journal of Haematology 1
Pozdnyakova et al. (30) 2021 American Journal of Clinical Pathology 9
October 2021 | Volume
FIGURE 2 | Distribution of PCM1-JAK2 fusion in hematological neoplasms in the literature. MPNs, myeloproliferative neoplasms; MDS/MPN, myelodysplastic
syndrome/myeloproliferative neoplasms; AML, acute myeloid leukemia; B-ALL, B-cell acute lymphoblastic leukemia; AEL, acute erythroid leukemia; APL, acute
promyelocytic leukemia; HL, Hodgkin lymphoma.
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transcript and abnormal metaphase were significantly reduced,
but none of them disappeared completely. Another young female
patient with relapsed and refractory B-ALL with RNPC3-JAK2
fusion did not respond to chemotherapy combined with
immunotherapy and ruxolitinib (32). Mayfield et al. (33)
documented that a 17-year-old B-ALL patient with JAK2
F694L mutation persisted with minimal residual disease
Frontiers in Oncology | www.frontiersin.org 526
(MRD) after standard chemotherapy, while the MRD turned
out to be negative after the integration of ruxolitinib 20 mg bid
for 2 weeks. The research of Ding (34) and his coworkers found
that high-dose ruxolitinib combined with multidrug
chemotherapy was safe and effective for children with BCR-
ABL1-like ALL, and whether the combination therapy is suitable
for MPN with PCM1-JAK2 fusion is worth exploring.
TABLE 2 | Clinical characteristics of hematological neoplasms patients with PCM1-JAK2 rearrangement treated with ruxolitinib in the literature.

Case
no.

Age Gender Diagnosis WBC
(×109/L)

Eo
(%)

Splenomegaly Bone marrow Karyotype Treatment Clinical course

A1 72 M CEL, NOS 49 46.9 NA Granulocytosis
and eosinophilia

t(8;9)(p22;p24) HU and
ruxolitinib

CCyR was obtained after 15 months
on ruxolitinib.

B2 50 M MPN 9.9 6 Yes Granulopoiesis,
left-shifted and
eosinophilia

t(8;9)(p22;p24) Ruxolitinib Alive 16 months after diagnosis.

C3 31 F CEL, NOS 21.6 16.2 Yes Granulopoiesis,
eosinophilia,
immature
erythroid cells,
and MF 1

t(8;9)(p22;p24) Imatinib, HU,
and ruxolitinib

No response to imatinib; then
complete clinical remission was
achieved after ruxolitinib.

D4 51 M MPN 12 NA Yes Granulopoiesis,
eosinophilia,
dysplastic
erythropoiesis,
and MF 2

t(8;9)(p22;p24) Ruxolitinib CCyR was obtained after 12 months
on ruxolitinib, but cytogenetic relapse
occurred after 24 months.

E5 40 M MPN 5.4 16 Yes Eosinophils,
immature
erythroid
precursors and
MF 1–2

t(8;9)(p22;p24) Ruxolitinib and
HSCT

No disease progression during the
follow-up period.

F6 76 M CML-like
MPN

28.7 5 No Eosinophilia,
left-shifted,
dysplastic, and
MF 2

t(8;9)(p22;p24) Ruxolitinib Disease progression after 1 month
on ruxolitinib.

F7 70 M aCML 29.8 1 Yes Eosinophilia,
left-shifted,
dysplastic and
MF 1

t(8;9)(p22;p24) Ruxolitinib CHR was obtained after 2 months
on ruxolitinib.

F8 49 M MDS/MPN 25.6 NA Yes Eosinophilia,
left-shifted,
dysplastic and
MF 2

t(8;9;9)(p22;p24;
p13)

Ruxolitinib and
HSCT

CHR was obtained after 2 months
on ruxolitinib, and the disease
progressed 36 months later,
followed by HSCT.

F9 29 M CML-like
MPN

21.7 11 Yes NA t(8;9)(p22;p24) Ruxolitinib and
HSCT

CHR was obtained after 2 months
on ruxolitinib, followed by HSCT.

F10 50 M MDS/MPN 12.7 13 Yes Eosinophilia,
left-shifted,
dysplastic, and
MF 2

t(8;9)(p22;p24) Ruxolitinib and
HSCT

CHR was obtained after 18 months
on ruxolitinib, and the disease
progressed 8 months later, followed
by HSCT.

F11 69 F AML-M4 10.5 1 No Blasts 20% and
MF 3

t(8;9)(p22;p24),+6,
+8,+22

Ruxolitinib and
azacitidine

The disease progressed after 2
months on ruxolitinib, CHR was
obtained after 3 months on
azacitidine, and the disease
progressed again after 9 months.

F12 63 M Pre-B-
ALL

55.2 NO No Sheets of blasts t(8;9)(p22;p24) Ruxolitinib and
HSCT

HSCT followed by ruxolitinib; then
disease progressed.

G13 77 F B-ALL 32.6 NO No 87% blasts t(8;9)(p22;p24)[1]/
46,sl,der(8;9)(q10;
q10),inc [5]/46,X,t
(X;4)(p1?1;q13)[4]/
46,XX[10]

Chemotherapy,
blinatumomab,
and ruxolitinib

PCM1-JAK2 fusion transcript was
23.28% after chemotherapy
combined with blinatumomab, which
decreased to 3.22% after the
addition of ruxolitinib.
Octobe
M, man; F, female; WBC, white blood cells; Eo, eosinophils; CEL, NOS, Chronic eosinophilic leukemia, not otherwise specified; CML, chronic myeloid leukemia; aCML, atypical chronic
myeloid leukemia; CCyR, complete cytogenetic remission; NA, not available. Case A: (Lierman et al.) (18). Case B: (Patterer et al.) (20). Case C: (Rumi et al.) (21). Case D: (Schwaab et al.)
(23). Case E: (Tang et al.) (8). Case F: (Schwaab et al.) (28). Case G: (Wouters et al.) (29).
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In summary, there have been considerable evidences that
ruxolitinib is effective in hematological malignancies with
abnormal JAK2 signaling pathways, although the efficacy is
highly heterogeneous. The heterogeneity may be partially
attributed to different somatic mutations or blastic crisis of
MPN (8).

No somatic mutations were detected in both of our patients. Due
to the rarity of hematological neoplasms with PCM1-JAK2
rearrangement, it is difficult to conduct large-scale clinical studies.
Thus, there are no large cohort data on themolecular characterization
of PCM1-JAK2-rearranged hematologic neoplasms. Baer et al. (25)
found that mutation rates were 14% (1/7) for hematologic neoplasms
with PCM1-JAK2 rearrangement, and the patient had TET2 somatic
mutations. We speculate that somatic mutations of epigenetic
regulators may be present in hematologic neoplasms with PCM1-
JAK2 fusion, so hypomethylating-agent-based programs may be
effective. Dargent et al. (16) described the diagnosis and treatment
of a patient with MDS/MPN with PCM1-JAK2 fusion. The initial
analysis of bone marrow karyotype was normal, but t(8;9) was
detected by fluorescence in situ hybridization analysis in peripheral
blood. The author suggested that t(8;9)(p22;p24) was not easy to
detect in the study of G-banding and was easy to be ignored,
especially in poor specimens. Tang (8) and his colleagues also
noted that because t(9p24.1;V) only involved small segments of the
9p chromosome, such rearrangements were cryptic and therefore
missed by routine chromosome analysis. These explain the reason for
the normal karyotype of patient 2.
CONCLUSION

MLN-Eo with PCM1-JAK2 rearrangement is rare and has a poor
prognosis. Existing data have shown that ruxolitinib is effective for
the disease, but allo-HSCT is still the only way to cure the disease.
Ruxolitinib can be used as a bridging treatment before allo-HSCT.
Here,we reported the efficacy and safety of ruxolitinib inMPNwith
PCM1-JAK2 rearrangement. For patients with low efficacy of
ruxolitinib monotherapy or rapid disease progression, the
treatment options to obtain cytogenetics or molecular response
prior to HSCT warrant further study. Ruxolitinib combined with
Peg-IFN could be one of the candidates.
Frontiers in Oncology | www.frontiersin.org 627
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Atypical chronic myeloid leukemia is a rare disease whose pathogenesis has long been
debated. It currently belongs to the group of myelodysplastic/myeloproliferative disorders.
In this review, an overview on the current knowledge about diagnosis, prognosis, and
genetics is presented, with a major focus on the recent molecular findings. We describe
here the molecular pathogenesis of the disease, focusing on the mechanisms of action of
the main mutations as well as on gene expression profiling. We also present the treatment
options focusing on emerging targeted therapies.

Keywords: aCML, SETBP1, ETNK1, BCR-ABL1-negative, molecular pathogenesis, MDS/MPN
INTRODUCTION

Atypical chronic myeloid leukemia (aCML), BCR-ABL1-negative, is a rare hematological
malignancy belonging to the overlap category of myelodysplastic/myeloproliferative neoplasms
(MDS/MPN) of the WHO classification of myeloid neoplasms (1). The MDS/MPN category was
introduced in the third edition of the WHO Classification of Tumors (2) and includes myeloid
neoplasms that exhibit, at presentation, laboratory, clinical, and morphologic features that overlap
between myelodysplastic syndromes (MDS) and myeloproliferative neoplasms (MPN) (3).

Initially, aCML was described as an atypical form of chronic myeloid leukemia (CML) BCR-
ABL1-positive, since at the onset it presents with many features of classical CML (4–6). In 2008, in
order to incorporate new laboratorial as well as clinical information to refine diagnostic criteria for
previously described neoplasms and to introduce newly recognized disease entities, the WHO
classification was updated and published as part of the fourth edition of theWHOmonograph series
(7, 8). In this classification, aCML has been modified to aCML BCR-ABL1-negative to highlight that
it was not merely a variant of classical CML (9). Finally, in 2016, after 8 years since the previous
revision and owing to the massive amount of information generated by the new sequencing
technologies, a revision of the 2008 WHO classification of hematopoietic neoplasms (1) was
deemed necessary.
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CHARACTERISTICS OF ACML AT
PRESENTATION, DIAGNOSIS, AND
DIFFERENTIAL DIAGNOSIS
aCML is a disorder of the elderly, since it typically affects patients
with an age ranging between 60 and 76 years (10). Even though
the first reports about aCML suggested a female predominance
(11) or no sex predominance (12), in more recent years, reports
analyzing larger cohorts of patients suggest a slight male
predominance (13–15), though the biological reasons
underlying aCML gender preference are poorly understood. Its
estimated incidence is 1 out of 100 cases of t(9;22), BCR-ABL1-
positive CML, meaning approximately 1 case per 1,000,000
persons per year (4, 11, 16, 17).

From a diagnostic point of view, aCML is a challenging
myeloid malignancy characterized by features belonging to
both myeloproliferative and myelodysplastic syndromes. As its
clinical features may overlap with other myeloid malignancies, its
diagnosis still relies primarily on morphological criteria, e.g., the
evidence of dysgranulopoiesis in bone marrow or peripheral
blood. Typically, aCML patients present clinical features similar
to BCR-ABL1-positive CML including splenomegaly and a
neutrophilic leukocytosis; they also show prominent
granulocytic dysplasia (e.g., hypogranular and hypolobated
neutrophils, abnormal chromatin clumping, and pseudo-
Pelger–Huet neutrophils) (9). The white blood cell (WBC)
count is >13 × 109/L, with ≥10% of immature granulocytes
and <20% blasts in the peripheral blood (PB) and in the bone
marrow (BM) (1, 9, 18). Due to the high WBC count, it is not
uncommon to observe a monocyte count >1 × 109/L, but the
percentage of monocytes at onset is always lower than 10% of the
total leukocytes, which is critical to discriminate between aCML
and a closely related MDS/MPN disorder, known as chronic
myelomonocytic leukemia (CMML). In contrast to CML,
basophilia is not prominent as basophils represent <2% of all
PB white cells (9, 19). A hypercellular BM with myeloid
hyperplasia and prominent granulocytic dysplasia is a
consistent feature; however, trilineage dysplasia may be present
(3, 20, 21). The leukocyte alkaline phosphatase level may be low,
normal, or increased, therefore lacking diagnostic utility (9, 19).
The recent discovery of somatic mutations occurring in SETBP1
Frontiers in Oncology | www.frontiersin.org 230
(22) and ETNK1 (23) in up to a third of aCML cases (22–24) led
to the insertion of these mutations in the 2016 WHO revision as
supporting criteria for the diagnosis of aCML (1). However, the
presence of these mutated genes does not ensure a certain
diagnosis (see below and Table 1).

The differential diagnosis of aCML includes BCR-ABL1-
positive CML, CMML, chronic neutrophilic leukemia (CNL),
and prefibrotic primary myelofibrosis (pre-PMF) (Table 2).
Besides the lack of the Philadelphia chromosome and the BCR-
ABL1 translocation, the major criteria that distinguish aCML
from BCR-ABL1-positive CML are the dysgranulopoiesis, which
is common in aCML but only occasionally reported in classical
CML, and the normal basophil counts of the former (<2% of
leukocytes) (1).

The differential diagnosis between aCML and CNL was
traditionally difficult since the proportion of immature myeloid
cells (promyelocytes, myelocytes, and metamyelocytes) in PB
(≥10% in aCML and <10% in CNL) and the presence of
dysplasia were the only distinctive features (1, 17). Currently,
the distinction between the two disorders is also supported by the
high frequency of CSF3R mutations (42) in the latter and by the
higher frequency of SETBP1 and ETNK1mutations in the former.
However, it is important to note that none of these variants are
fully restricted to one of the two disorders (43), which suggests
that they represent a continuum of related diseases rather than
truly distinct entities.

On the other hand, CMML can be ruled out by the lack of
monocytosis (1, 3), since in CMML, monocyte count must
exceed 10% of the total leukocytes. Although effective, the not
uncommon detection of borderline monocyte fractions at the
onset occasionally renders the application of this hard
threshold troublesome.

Finally, aCML diagnosis must not meet the WHO criteria
for primary myelofibrosis (PMF), polycythemia vera (PV), or
essential thrombocythemia (ET). In this context, the most
challenging differential diagnosis is between aCML and pre-
PMF, where the lack of an overt fibrosis and the common
presence of myeloid leukocytosis with immature myeloid
cells in PB of pre-PMF patients may render the differential
diagnosis challenging. Luckily, the availability of the three
myeloproliferative gene markers, JAK2, CALR, and MPL,
TABLE 1 | Mutational frequencies.

aCML BCR-ABL1-positive CML AML MDS CMML CNL MDS/MPN-U

SETBP1 7.4–48 (13, 14, 22, 25) 0 (22, 26) 0 (22) 0 (22) 4–15 (13, 22, 25) 25–41 (13, 22) 10–16 (13)
ASXL1 20–81 (13, 14, 25) 9.7 (26) 6.5–20 (27–30) 15–24 (31, 32) 14–69 (13, 25, 28) 77 (13) 64 (13)
N/K-RAS 11–27 (13, 14, 25) 0 (26) 10–18.8 (29, 30) 0 - 5 (31) 3–48 (13, 25) 10 (13) 12 (13)
ETNK1 3.7–13.3 (13, 14, 23, 25) 0 (23, 26) 0 (23) 0 (23) 0–14 (13, 23, 25) 0–2.6 (13, 23) 0–4 (13, 23)
SRSF2 14–65 (13, 14, 25) – 6.6 (30) 14 (31) 24–51 (13, 25, 31) 43.6 (13) 48 (13)
EZH2 19–30 (13, 14, 25) 0.6 (26) 2 (33) 5–8 (31) 7–10 (13, 25) 20.5 (13) 24 (13)
RUNX1 11–15 (13, 14, 25) 2.6 (26) 5–15 (29, 30, 34) 10–20 (31) 10–37 (13, 25) 2.6 (13) 4 (13)
TET2 27–33 (13, 14, 25, 35, 36) 0.9 (26) 9–23 (29, 30, 37) 20–25 (29, 31) 48–78 (13, 25, 29) 20.5 (13) 44 (13)
CBL 8–11 (13, 14, 25) 0–0.9 (26, 38) 0.9 (30) 10 (39) 5–19 (13, 25) 5 (13) 8 (13)
CSF3R 1–22 (13, 14, 25) – 3 (40) 1.4 (40) 0–3 (13, 25) 50–80 (13) 4 (13)
JAK2 4–11 (13, 25) 1.5 (26) 0.9 (30) 16.7 (41) 2–3 (13, 25) 7.7 (13) 8 (13)
November 20
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allows to quickly discriminate between the two conditions.
Conversely, the distinction between aCML and those rare
myeloproliferative cases lacking all the three markers (i.e., the
so-called triple-negative myeloproliferative disorders) is
currently much more blurred.
PROGNOSIS

aCML is an aggressive disease generally associated with poor
outcome, with a median overall survival (OS) of 11–25 months
and a 5-year OS of 25% (4, 11, 18, 19, 43–47). Fifteen percent to
40% of aCML patients progress to secondary acute myeloid
leukemia (sAML), with a median time to leukemic evolution of
11.2 months (11); the remaining patients usually develop
Frontiers in Oncology | www.frontiersin.org 331
complications related to BM failure. Unfavorable prognostic
factors for OS are an increased WBC count (>50 × 109/L) at
presentation, increased immature precursors in the PB, age greater
than 65 years at onset, hemoglobin (Hb) <10 g/dl, leukocyte count
≥50 × 109/L, and immature circulating precursors (10, 11, 15, 43,
47). In addition, mutations in ASXL1 and SETBP1 have been
associated with a more aggressive disease (10, 48), although their
prognostic impact is still unclear (14). The risk of progression to
sAML seems to be higher in case of palpable hepato- or
splenomegaly, monocytosis, BM blastosis >5%, marked
dyserythropoiesis, and transfusional requirement (11). In a
recent work, stratification based on RNA-sequencing data
identified two populations in terms of overall survival, and the
overexpression of DNPH1, GFI1B, and PARP1 genes has been
correlated with poor prognosis (14).
TABLE 2 | Diagnostic criteria for BCR-ABL1-positive CML, CMML, CNL, and pre-PMF as defined by the WHO in the 2016 revision are listed.

BCR-ABL1-positive CML, accelerated phase criteria
Persistent or increasing WBC (>10 × 109/L), unresponsive to therapy
Persistent or increasing splenomegaly, unresponsive to therapy
Persistent thrombocytosis (>1,000 × 109/L), unresponsive to therapy
Persistent thrombocytopenia (<100 × 109/L) unrelated to therapy
20% or more basophils in the PB
10%–19% blasts in the PB and/or BM
Additional clonal chromosomal abnormalities in Ph1 cells at diagnosis that include “major route” abnormalities (second Ph, trisomy 8, isochromosome 17q, trisomy

19), complex karyotype, or abnormalities of 3q26.2
Any new clonal chromosomal abnormality in Ph1 cells that occurs during therapy

CMML diagnostic criteria
Persistent PB monocytosis ≥1 × 109/L, with monocytes accounting for ≥10% of the WBC count
Not meeting WHO criteria for BCR-ABL1-positive CML, PMF, PV, or ET
No evidence of PDGFRA, PDGFRB, or FGFR1 rearrangement or PCM1-JAK2 (should be specifically excluded in cases with eosinophilia)
<20% blasts in the blood and BM
Dysplasia in one or more myeloid lineages. If myelodysplasia is absent or minimal, the diagnosis of CMML may still be made if the other requirements are met and an

acquired clonal cytogenetic or molecular genetic abnormality is present in hematopoietic cells or the monocytosis (as previously defined) has persisted for at least
3 months and all the other causes of monocytosis have been excluded
CNL diagnostic criteria
PB WBC ≥25 × 109/L

Segmented neutrophils plus band forms ≥80% of WBCs
Neutrophil precursors (promyelocytes, myelocytes, and metamyelocytes) <10% of WBC
Myeloblasts rarely observed
Monocyte count <1 × 109/L
No dysgranulopoiesis

Hypercellular BM
Neutrophil granulocytes increased in percentage and number
Neutrophil maturation appears normal
Myeloblasts <5% of nucleated cells

Not meeting WHO criteria for BCR-ABL1-positive CML, PV, ET, or PMF
No rearrangement of PDGFRA, PDGFRB, or FGFR1, or PCM1-JAK2
Presence of CSF3R T618I or other activating CSF3R mutation or in the absence of a CSFR3R mutation, persistent neutrophilia (at least 3 months), splenomegaly, and

no identifiable cause of reactive neutrophilia including absence of a plasma cell neoplasm or, if present, demonstration of clonality of myeloid cells by cytogenetic or
molecular studies
Pre-PMF criteria (diagnosis of pre-PMF requires meeting all three major criteria and at least one minor criterion)
Major criteria

• Megakaryocytic proliferation and atypia, without reticulin fibrosis >grade 1, accompanied by increased age-adjusted BM cellularity, granulocytic proliferation, and
often decreased erythropoiesis

• Not meeting the WHO criteria for BCR-ABL1-positive CML, PV, ET, myelodysplastic syndromes, or other myeloid neoplasms Presence of JAK2, CALR, or MPL
mutation or in the absence of these mutations, presence of another clonal marker, or absence of minor reactive BM reticulin fibrosis

Minor criteria
• Presence of at least one of the following, confirmed in two consecutive determinations:
• Anemia not attributed to a comorbid condition
• Leukocytosis ≥11 × 109/L
• Palpable splenomegaly
• LDH increased to above upper normal limit of institutional reference range
November 2021 | Volume 11 | Article 756348
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GENETICS

The molecular features of aCML include an increased frequency
of karyotypic abnormalities. In up to 80% of patients with aCML,
additional chromosomal abnormalities (ACA) such as trisomy 8
or 9, del(20q), and −7/7q or isochromosomes 17q are the most
common ones (4, 10, 11, 24, 49), but also aberrations involving
chromosomes 12, 13, 14, 19, and 21 are reported (19, 44, 46, 50).
Interestingly, trisomy 8, isochromosome 17q, and trisomy 19 are
the most frequent anomalies observed in BCR-ABL1-positive
CML, which are associated with blast crisis transformation
(51–53).

The most frequent somatic mutations involve SETBP1,
ASXL1, NRAS, KRAS, ETNK1, SRSF2, EZH2, RUNX1, and
TET2, while mutations in CBL, CSF3R, and JAK2 are less
frequent (10, 18, 20, 22–24, 43, 54–60). Even though mutations
occurring in SETBP1 and ETNK1 are not univocally disease-
specific, they represent the alterations most closely associated
with aCML (1, 22–24, 58). SETBP1 and ASXL1 are considered as
high-risk mutations (43, 54), while TET2 (61), CBL (62), and
EZH2 (63) mutations may suggest a possible overlap between
aCML and CMML at the molecular level. On the other hand, the
absence of rearrangements involving PDGFRA or PDGFRB (3)
and FGFR1 (1) and the negativity for JAK2 V617F mutation (64)
all support a diagnosis of aCML. The mutation frequency of the
main aCML oncogenes, compared with BCR-ABL1-positive
CML, AML, MDS, CMML, CNL, and MDS/MPN-U, is
reported in Table 1.
MOLECULAR LANDSCAPE OF ACML:
MOLECULAR ALTERATIONS AND
ASSOCIATED MOLECULAR PATHWAYS

SETBP1
The molecular lesions responsible for the onset and progression
of aCML were unknown until 2013, when, by applying NGS
techniques, the presence of recurrent somatic mutations in
SETBP1 was described (22, 24, 59, 65–70). SETBP1 mutations
have been identified in about one-quarter of patients affected by
aCML (22), but also in 10%–16% of MDS/MPN unclassifiable
cases (24) and in 4%–15% of CMML patients (59). Moreover,
SETBP1 mutations have been occasionally described in juvenile
myelomonocytic leukemia (JMML) and in about 1.7%–7% of
sAML arising from MPN or MDS (57). Several studies had
shown that SETBP1 mutations are associated with an adverse
clinical presentation, with a higher leukocyte count, a lower Hb
level, and thrombocytopenia (22, 24, 71). These data suggest that
this alteration is important not only for the dissection of the
mechanisms of leukemogenesis, but also because it likely
provides important prognostic value (72). SETBP1 maps on
chromosome 18q21.1 and encodes for SET-binding protein 1a,
a protein of 1,596 amino acids with a predicted molecular weight
of 170 kDa. The protein contains a SET-binding region and a SKI
homology region, in which the recurrent mutations are clustered.
The latter is highly conserved among vertebrates, suggesting an
Frontiers in Oncology | www.frontiersin.org 432
important but still unknown biological function. Moreover, three
AT hooks can be found in SETBP1 protein and they are likely
responsible for the direct interaction occurring between SETBP1
and the genomic DNA. It is known that SETBP1 is a binding
partner for the SET nuclear oncoprotein (73). In turn, SET binds
and negatively regulates the phosphatase 2A (PP2A) (74)
oncosuppressor, a major phosphatase implicated in many
cellular processes, such as cellular proliferation (75–79). In
particular, PP2A loss of function has been associated with cell
transformation (80, 81). Indeed, PP2A is a tumor suppressor that
acts by regulating several signaling pathways critical for
malignant transformation, such as AKT and ERK1/2 (82–84).
By directly interacting with SET, SETBP1 protects it from
proteolytic cleavage, increasing the amount of full-length SET
protein and leading to the formation of a SETBP1–SET–PP2A
complex resulting in PP2A inhibition, ultimately causing
increased proliferation and expansion of the leukemic clone
(85). We originally demonstrated that the majority of SETBP1
somatic mutations cluster in a mutational hotspot within the
SKI-homologous region of the protein, conferring a proliferative
advantage to the mutated cells (22). This hotspot is part of a
degron motif recognized by the F-box protein b-TrCP, one of the
four subunits of the ubiquitin protein ligase complex known as
SCF. Under physiological conditions, this interaction stimulates
SETBP1 ubiquitination and degradation through the proteasome
(Figure 1, upper panel). SETBP1 degron mutations severely
decrease the affinity of b-TrCP to SETBP1, leading to the
accumula t i on o f SETBP1 pro t e in , p romot ing i t s
overexpression, and triggering the stabilization of SET at the
protein level. The consequence of these events is the inhibition of
PP2A (Figure 1, bottom panel). Besides the interaction with the
SET–PP2A axis, SETBP1 is also able to directly interact with
genomic DNA through its three conserved AT hooks (86),
recruiting transcriptional modulators such as HCF1, KMT2A,
PHF8, and PHF6, which belong to the SET/KMT2A (MLL1)
COMPASS-like complex, forming a multiprotein complex that
in turn causes the activation of gene expression. Notably,
SETBP1 binds to the promoter of MECOM, which modulates
the expression of several genes involved in the proliferation of
hematopoietic stem cells and in the myeloid differentiation,
upregulating it (86, 87). SETBP1 overexpression also confers
self-renewal capability to myeloid progenitors in vitro by
interacting with the homeobox A9 (HOXA9) and homeobox
A10 (HOXA10) promoters (88). It is also reported to interact
with the Runx1 promoter, resulting in Runx1 downregulation
(89) and impairment of the Runx1-dependent program of
myeloid differentiation (90, 91). Globally, these data suggest a
complex role for SETBP1 as a transcriptional modulator, likely
being able to activate or repress the expression of target genes
depending on the coactivator/corepressor complexes co-
recruited to the target locus.

ETNK1
The ETNK1 gene (also known as EKI1) maps on chromosome
12p12.1. It spans 60.5 kb and consists of eight exons and seven
introns (92). ETNK1 encodes a protein of 452 residues known as
ethanolamine kinase, a cytoplasmic enzyme that catalyzes the
November 2021 | Volume 11 | Article 756348
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first step of the de novo phosphatidylethanolamine (PE)
biosynthesis through the Kennedy or cytidine diphosphate
(CDP)-ethanolamine pathway (93). The Kennedy pathway is
responsible for the de novo biosynthesis of the two major
membrane phospholipids, phosphatidylcholine (PC) and PE.
In particular, ETNK1 is responsible for the phosphorylation of
ethanolamine to generate phosphoethanolamine (P-Et) (93).
Somatic ETNK1 mutations were originally identified by our
group in 13.3% of an aCML cohort (23). ETNK1 mutations
were present as a heterozygous variant in the dominant clone
and affected two contiguous residues: H243Y and N244S.
Mutations clustering in the same hotspot of the kinase catalytic
domain (N244S, N244T, N244K, G245A, G245V) were
subsequently found also in 0%–14% of CMML cases (23, 94),
Frontiers in Oncology | www.frontiersin.org 533
in 20% of patients affected by aggressive systemic mastocytosis
(SM) with eosinophilia (94), and in a single case of diffuse large
B-cell lymphoma (DLBCL) (95). Recently, our group
demonstrated that somatic ETNK1 mutations are responsible
for a reduced activity of the enzyme, causing a decrease in P-Et
synthesis (23, 96). Through the reduced competition of P-Et with
succinate at mitochondrial complex II, an increased
mitochondrial hyperactivation is triggered, which in turn is
responsible for increased ROS production and subsequent
DNA damage and accumulation of further mutations (96).
Treatment with exogenous P-Et is able to restore a normal
phenotype, protecting cells from ROS-mediated DNA damage
(96, 97) (Figure 2). Notably, recent findings suggest that,
whenever present, ETNK1 mutations occur at the initial stages
FIGURE 1 | WT and mutated SETBP1 signaling. (A) SETBP1–WT is under the post-translational control of the ubiquitin protein ligase complex (UBC) known as
SCF, which is mediated by the b-TrCP F-box protein. b-TrCP directly interacts with the SETBP1 degron motif, mediating the recruitment of SCF and the subsequent
ubiquitination of SETBP1. Following ubiquitination, SETBP1 protein is degraded through the proteasome. (B) Degron mutations impair the interaction between
SETBP1 and b-TrCP, protecting SETBP1 from proteasomal degradation and causing accumulation of the protein. This in turn leads to overactivation of the SETBP1
downstream signaling, specifically: 1) modulation of target genes through direct binding of SETBP1 to genomic DNA, mediated by its three AT-hook domains, and 2)
activation of the SETBP1–SET axis, leading to SET accumulation and inhibition of PP2A phosphatase activity.
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of the clonal evolution of aCML (14), preceding other driver
events, such as ASXL1 or SETBP1, which indirectly supports the
role of ETNK1 as an inducer of a mutator phenotype.

ASXL1
The ASXL1 gene is located on chromosome 20q11.1, spanning
81 kb. This gene belongs to the polycomb gene family and plays a
role in the recruitment of the Polycomb Repressor Complex 2
Frontiers in Oncology | www.frontiersin.org 634
(PRC2) to its target sequences. It is also a component of the
H2AK119 complex , r e spons ib l e fo r h i s tone H2A
deubiquitination (98). ASXL1 is mutated in more than 40% of
aCML patients (14), and its mutations are associated with
progression to acute phase and lower overall survival (22). It is
currently known that ASXL1 contributes to the balance between
the Polycomb Repressor Complex 1 (PRC1) and 2 (PRC2) in
favor of the latter. Specifically, by interacting with the ubiquitin
FIGURE 2 | Mechanism of ETNK1 somatic mutations. Left panel: WT ETNK1 phosphorylates ethanolamine, causing the accumulation of phosphoethanolamine.
Phosphoethanolamine directly inhibits mitochondrial complex II, also known as succinate dehydrogenase, therefore downmodulating mitochondrial activity and ROS
production. Middle panel: mutated ETNK1 causes a decreased production of phosphoethanolamine, which in turn leads to an increased mitochondrial activation,
increased ROS production, and DNA damage. Right panel: treatment of ETNK1-mutated cells with exogenous P-Et restores the normal mitochondrial activity
through direct suppression of SDH activity, normalization of ROS production, and protection of DNA from ROS-mediated damage. The image was obtained from:
Nat Commun. 2020 Nov 23;11(1):5938 under a Creative Commons Attribution 4.0 International License. Elements of the image were obtained from https://smart.
servier.com/under a Creative Commons Attribution 3.0 License.
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carboxy-terminal hydrolase BAP1, ASXL1 causes H2A Lysine
119 deubiquitination, therefore directly counteracting the
activity of PRC1 (99). Instead, in combination with the PRC2,
it promotes H3K27 trimethylation through the recruitment of
the PRC2 effectors EZH1 and EZH2 at the target site, ultimately
causing gene silencing.

ASXL1 mutations are typically frameshift or nonsense
mutations causing a C-terminal truncation of the ASXL1
protein. Constitutive as well as hematopoietic-lineage-
restricted, homozygous ASXL1 knockout causes impairment of
the bone marrow self-renewal capacity, ultimately leading to an
MDS-like disease in mice (100, 101). In line with its role in
promoting PRC2 activity, ASXL1 knockout confers a pan-
reduction of the H3K27 trimethylation mark (27), leading to
derepression of posterior Hoxa genes and oncogenic miR125a
microRNAs. Importantly, overexpression of a truncated form of
ASXL1, in combination with overexpression of BAP1, caused an
important reduction in the global level of H3K27me3, together
with a depletion of the H2AK119ub mark, therefore suggesting
that the C-terminal truncation mutations may impair the PRC2
activity of ASXL1 while preserving its interaction with BAP1.
Globally, ASXL1 mutations act as loss-of-function events
responsible for the promotion of myeloid transformation
through loss of PRC2-mediated gene repression (27); however,
their exact role is currently not entirely understood and
likely multifaceted.

TET2
TheTET2 genemaps on chromosome 4q24, spreading over 150 kb.
TET2 i s re spons ib l e fo r the modula t ion of DNA
hydroxymethylation by converting 5-methylcytosine (5mC) to 5-
hydroxymethylcytosine (5hmC) as the first step required to
promote DNA demethylation (102, 103). Mutations occurring in
TET2 are present in about 30% of aCML cases (14, 104–106);
therefore, they are among themost frequentmutations occurring in
this disorder, together with SETBP1 and ASXL1. TET2 mutations
are invariably linked to a global decrease in the 5hmCmark, which
suggests that they represent loss-of-functionevents.This evidence is
also corroborated by the non-focal pattern of these variants, as
TET2mutations can be found throughout the entire coding region
of the gene, and further supported by the frequent occurrence of
nonsense and frameshift events.

TET2 plays a critical role in the bone marrow, mostly by
promoting hematopoietic stem cell differentiation (107). In line
with this role, it is expressed at high levels in progenitor cells and
its deletion causes an increase in immature progenitor cells (35,
108), promoting myeloid as well as lymphoid malignancies in
mice (109). From a prognostic point of view, the role of TET2
mutations is not univocal, but their presence probably does not
negatively impact on the overall survival in most hematological
malignancies (36, 110). In the context of MDS/MPN, individual
reports suggest that TET2 mutations may be detrimental (111);
however, its accurate prognostic role remains to be ascertained.

RAS
The RAS family of oncogenes comprises HRAS, NRAS, and
KRAS genes. HRAS spans 3 kb and is located on chromosome
Frontiers in Oncology | www.frontiersin.org 735
11p15.5, NRAS spans 7 kb and maps on chromosome 12p12.1,
while KRAS spans more than 35 kb and is located at 1p13. These
three genes share similar structures and sequences (112). The
main product of the RAS genes is membrane-associated GTPases
that control the MAP kinase cascade of serine/threonine kinases.
Recurrent mutations in RAS genes occur in about 11%–27% of
aCML patients (14, 22) and lead to a constitutively active
expression of the protein. Usually aCML patients show NRAS
or KRAS mutations (113, 114), and the most frequent mutations
occur at codons 12, 31, and 61 (115–117).

EZH2
The EZH2 gene is located at 7q36.1 and encodes the histone
methyltransferase representing the catalytic subunit of the PRC2.
In particular, EZH2 methylates histone H3 at lysine-27 (H3-
K27), promoting the epigenetic silencing of genes involved in cell
fate decisions (118, 119). The pattern of EZH2 mutations is
particularly complex, as EZH2 variants can be both gain (GOF)
as well as loss of function (LOF), with GOF mutations, such as
EZH2-Y646X, frequently found in lymphoid malignancies and,
in particular, in non-Hodgkin lymphoma (120) and solid, non-
hematological tumors and LOF typically found in myeloid
malignancies. In the context of aCML, LOF EZH2 mutations
are seen in about 19%–30% of cases (14). The functional effect of
EZH2 GOF mutations is to aberrantly increase H3K27me3,
promoting transcriptional repression (121), which impairs B-
cell differentiation and leads to an increased number and size of
germinal centers (122). In contrast, LOF EZH2 mutations cause
suppression of the H3K27me3 mark, causing overexpression of
BCAT1 and leading to enhanced branched chain amino acid
metabolism and activation of mTOR signaling (123). Association
of EZH2 LOF mutations with poor prognosis was demonstrated
in myelodysplastic syndromes (124), while their prognostic role
in other disorders such as AML or aCML is less clear (125, 126).

RUNX1
The RUNX1 gene, also known as AML1, is located at
chromosome band 21q22.12 and encodes the alpha subunit of
the core-binding factor (CBF) complex (127). This complex is
responsible for the transcriptional modulation of critical factors
involved in growth, survival, and differentiation processes;
ribosome biogenesis; cell cycle regulation; and p53 and
transforming growth factor b signaling pathways (128).
RUNX1 contains a runt-homology domain (RHD), which is
responsible for DNA binding and interaction with the
heterodimeric partner CBFb and a TAD domain characterized
by the presence of motifs binding to a large number of activating
and repressor proteins. RUNX1 is known to be involved in more
than 50 different chromosomal translocations. The t(8;21)
involving RUNX1 and RUNXT1, the t(12;21) occurring in
pediatric acute lymphoblastic leukemia and generating the
ETV6–RUNX1 fusion, and the t(3;21) occurring in therapy-
related AML and myelodysplastic syndrome and involving the
MECOM oncogene are among those that are the most frequent.
In the t(8;21), the persistence in the fusion of the RHD domain
allows the binding of the protein to the normal RUNX1 gene
targets. The presence of the RUNX1T1 fusion partner causes the
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recruitment of corepressors carrying deacetylase activity to the
target promoters, therefore impairing the normal trans-
activation and changing the function of the protein into a
repressor, hence causing neomorphic activity (129).

Single-nucleotide somatic mutations are also commonly
found in myeloid malignancies, such as AML and MDS. They
typically occur in the RHD and, with a much lower frequency, in
the TAD domain and can be mono- or biallelic. RUNX1
mutations include missense, nonsense, frameshift, deletions,
and splicing mutations (130). Mechanistically, mutations
occurring in the RHD domain usually inactivate the protein,
while mutations occurring downstream of the RHD domain
typically confer a weak dominant negative activity to the mutant
(131). These mutations are functionally distinct from the
chromosomal translocations and usually confer a worse
prognosis. Mutations involving this gene are present in about
11%–15% of aCML cases (14), but are also found in 10%–37% of
CMML patients (132–134).

SRSF2
The SRSF2 gene is located on chromosome 17q25.1 and encodes
a protein that plays a role in the splicing of primary mRNA (135,
136). This protein contains an RNA recognition motif that
promotes spliceosome assembly at adjacent splice sites
allowing the removal of introns from the primary transcripts
(137). Moreover, it plays an active role in transcription and
elongation and in coupling transcription and splicing processes
(138, 139). Mutations in key factors of the spliceosome, such as
SRSF2, SF3B1, U2AF1, and ZRSR2, occur in a large fraction of
myelodysplastic syndromes (140).

SRSF2 contains an RNA-binding domain (RBD) responsible
for the interaction with exonic splicing enhancers and an SR
(serine-arginine rich) domain directly interacting with the other
splicing ribonucleoproteins.

p.P95H is by far the most common mutation occurring in the
SRSF2 gene (141, 142). This mutation alters the RNA-binding
affinity and specificity of the RBD domain, resulting in higher
affinity for CCNG than to the standard GGNG motif, at least in
vitro (143).

The frequency of SRSF2 mutations in aCML is 14%–65% of
cases (10, 14, 58, 144, 145). Although SRSF2mutations have been
associated with worse survival outcomes in low-risk MDS
patients (146), its prognostic role in aCML is currently unclear.

CBL
CBL is located on chromosome 11q23.3; it contains 16 exons and
spans more than 110 kb (147). This gene encodes a protein that
acts as an E3 ubiquitin ligase, being required for targeting
substrates for degradation by the proteasome. CBL plays both
positive and negative regulatory roles in tyrosine kinase signaling
transduction pathways. CBL can bind to activated signaling
complexes recruiting downstream signal transduction
components or can target receptors that in turn trigger
internalization of the receptor/ligand complex, promoting
recycling or proteasomal degradation in endosomes (148–151).
Besides aCML, CBL has also been found mutated in 5%–19%
cases of CMML patients (152, 153). Moreover, mutations of CBL
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are frequently associated with uniparental disomy at 11q
(14, 154).

CSF3R
The CSF3R gene is located at 1p34.3 and encodes the
transmembrane receptor of the granulocyte colony-stimulating
factor 3, which plays an essential role in the growth and
differentiation of granulocytes (155, 156). Somatic CSF3R
mutations are found in a large fraction (50%–80%) of patients
affected by CNL (157, 158), and their presence is now one of the
diagnostic criteria for CNL, according to the 2016 revision to the
World Health Organization classification of myeloid neoplasms
(1). In contrast, their association with aCML remains
controversial. Although a single study reported CSF3R
mutations to be frequent in aCML (157), several other works
showed that CSF3R mutations are restricted to CNL and very
rare in aCML (14, 22, 43, 58, 158). Currently, two types of CSF3R
mutations are known: 1) extracellular domain/membrane
proximal point mutations, such as the p.T618I variant, and 2)
cytoplasmic truncation mutations. Mutations belonging to the
first group result in a constitutive activation of the receptor,
which occurs independently from the presence of the ligand.
These mutations activate downstream JAK family tyrosine kinase
pathways that drive the proliferation of neutrophil precursors,
and are typically sensitive to JAK inhibitors. Truncation
mutations instead interfere with receptor internalization and
degradation, causing constitutive overexpression of CSF3R and
ligand hypersensitivity, and show sensitivity to SRC kinase
inhibitors (157).
GENE EXPRESSION PROFILING

To date, there are very few papers investigating the gene
expression profile of aCML cases (13, 14, 25). Faisal and
colleagues analyzed the mRNA expression of 26 aCML and 59
CMML cases, comparing them to a cohort of reference samples.
Their analysis revealed a significant change in the expression
levels of SETBP1, CDKN2A, GATA2, MPL, TMEM14C, CSF3R,
and FLT3 genes. The strongest differential expression effect was
detectable in FLT3 in CMML samples compared with aCML and
references ones and in both SETBP1 and CSF3R in aCML and
CMML cases. These findings are in line with the mutation
frequency of these genes in aCML and CMML (25). In the
work of Zhang, RNA-sequencing was performed on 76 samples
of aCML, CNL, CMML, and MDS/MPN unclassifiable (MDS/
MPN-U). Gene expression signatures identified three main
sample clusters, with different proportions of all diagnoses in
each group, associated with prognostic markers (13). On the
other hand, our group performed RNA-sequencing on a cohort
of 43 aCML patients, and stratification based on gene expression
profile identified two different populations in terms of overall
survival. In this context, overexpression of three genes (DNPH1,
GFI1B, and PARP1) was predictive of poor prognosis (14).
Contrary to these disorders characterized by high
heterogeneity, several profiling studies in BCR-ABL1-positive
CML have been reported. In particular, expression profiling
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analyses revealed a different signature associated with the
classical t(9;22)(q34;q11) translocation or with variant t(9;22)
rearrangements (159); similarly, signature analysis predicted
imatinib response or resistance (160–166).
THERAPY

No drug has so far proved to be effective and no established
standards of care exist for the treatment of aCML (48, 54).
Moreover, no consensus recommendations such as risk-based
treatment algorithms exist to help clinicians in choosing between
a watch-and-wait approach and initiation of therapy. During the
last years, different therapeutic approaches have beenproposed, but
at present, allogeneic hematopoietic stem cell transplantation (allo-
HSCT) remains the only potentially curative treatment option for
aCML, even if only limited reports are available (167–171).
However, allo-HSCT requires the presence of a suitable donor
and is only available for young and middle-aged patients, since the
toxicity of the transplant limits its use in the elderly (>70 years),
where, especially with low-risk disease, monitoring or palliative
chemotherapy may be more appropriate.

Regarding othermedical therapies, different treatment strategies
validated in other myeloid diseases have been evaluated in aCML.
Hydroxyurea (HU) is used as a supportive care measure to control
hyperleukocytosis and splenomegaly. Complete and partial
hematological remissions have been reported in about 80% of
patients, even if they are usually short-lived (10, 11, 19, 43, 44, 46,
47, 172–175). Moreover, complete and partial hematological
remissions have also been reported after treatment with
interferon alfa (IFN-alfa), even if many patients discontinued the
treatment due todrug toxicity (19, 44, 172–174, 176, 177).However,
both HU and IFN-alfa, despite being able to improve the WBC
count, are unable to change the course of the disease and are
typically used in a palliative setting where, due to the age of the
patient or the presenceof significant comorbidities, an allo-HSCT is
not considered a valid option.

Among the other drugs that can be used in the treatment of
aCML, especially in patients with high-risk disease, the
hypomethylating agents (HMA), such as azacitidine or
decitabine, are noteworthy (10, 47, 178–183). Indeed, based on
their established activity in MDS and CMML, in which the overall
response rates range from25% to 70%and the overall survival from
12 to 37 months (184), these drugs could be used also in aCML.
Nevertheless, up to now, the experience with HMA is still limited
and the available data do not allow to accurately predict the efficacy
of these compounds. Therefore, HMA cannot be considered as a
standard of care for aCML yet and their use is off-label.

For selected patients with aggressive behavior, AML-like
intensive chemotherapy is offered as a bridge to HSCT (185),
even if this option has not been explored extensively.

Given the recent description of the mutational landscape of
aCML, in the field of personalized therapies, different targeted
drugs can be used for aCML treatment and are currently being
investigated. Indeed, several actionable mutations have been
identified in aCML which could be targeted, e.g., with tyrosine
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kinase inhibitors. Wang and colleagues administrated RAS,
FLT3, MAPK, MYC, or AKT inhibitors to their patients (43).
The MEK1/2 inhibitor trametinib, approved for malignant
melanoma, has been used in RAS-mutated aCML (14, 186).
Khanna and collaborators reported an aCML case with NRAS
G12V mutation who experienced a notable response to
trametinib with improvement in blood counts and 14 months
of disease control (186), while another patient carrying NRAS
G12D mutation treated with trametinib obtained a
hematological response with blood cell count normalization
and reduction of splenomegaly for 3 months (14).

For rare cases of aCML with JAK2 V617F mutation (62, 187,
188), ruxolitinib, a JAK2 inhibitor approved by the FDA in
intermediate- to high-risk MF and PV intolerant or resistant to
HU, can be used (189, 190). This drug is also effective in patients
carrying CSF3R T618I mutation, since membrane proximal
mutations result in JAK–STAT pathway activation (157), while
truncation CSF3R mutations are reported to be sensitive to
dasatinib (14, 157). An open-label, single-arm, phase II
multicenter study evaluated the safety and efficacy of ruxolitinib
in patients affected by CNL or aCML, regardless of their mutation
status (191). Interestingly, 4/6 aCML patients carrying CSF3R
mutations and 7/17 patients with CSF3RWT reached partial (PR)
or complete responses (CR). PR was defined as >50% reduction of
WBC, absoluteneutrophil count (ANC), andgranulocytic dysplasia
and >25% reduction in spleen volume; CR was defined as
normalization of WBC count and ANC, no evidence of
granulocytic dysplasia, and normal spleen. A phase I, open-label
study is currently ongoing to evaluate the safety and efficacy of
TGR-1202, a PI3K-delta inhibitor, administered together with
ruxolitinib in patients with MDS or MDS/MPN including aCML
(ClinicalTrials.gov Identifier: NCT02493530).

Since the treatment of aCML remains a challenge, Gotlib
proposed a new treatment algorithm (54), based on several
decision nodes, including the potential candidacy for allogeneic
hematopoietic stem cell transplantation, the results of myeloid
mutation panel testing, the eligibility for enrollment in clinical
trials, and the opportunity to adopt strategies used for MDS or
MPN. Considering that two or more mutations in distinct genes
often occur in aCML patients, combination therapies with
different drugs could represent a promising approach. Since
multiple actionable mutations are often present in various
combinations in aCML patients, their enrollment in clinical
trials should be considered whenever possible.
CONCLUSION

aCML is aBCR-ABL1-negative hematological disease characterized
by poor survival. The challenges in the management of this
leukemia comprise both the diagnosis, due to the overlap of
several genetic mutations among different MDS/MPN disorders,
and the treatment choices, since at present no standards of care are
available, except for bone marrow transplantation that is the only
curative option for younger patients. The application of NGS
techniques led to the discovery of new genes involved in the onset
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of the disease, which is allowing the introduction of personalized
therapies for aCML patients. Further studies will be required to
thoroughly assess the efficacy of these new treatments. Importantly,
transcriptomic studies done at single-cell resolution may also
unravel new targetable pathways that could increase the
therapeutic options available for the treatment of this
aggressive disorder.
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Hybrid or Mixed Myelodysplastic/
Myeloproliferative Disorders –
Epidemiological Features and
Overview
Andrea Kuendgen*, Annika Kasprzak and Ulrich Germing

Department of Hematology, Oncology, and Clinical Immunology, Heinrich-Heine-University Hospital Duesseldorf,
Duesseldorf, Germany

The WHO-category Myelodysplastic/Myeloproliferative neoplasms (MDS/MPNs)
recognizes a unique group of clonal myeloid malignancies exhibiting overlapping
features of myelodysplastic as well as myeloproliferative neoplasms. The group consists
of chronic myelomonocytic leukemia (CMML), atypical chronic myeloid leukemia, BCR-
ABL1-negative (aCML), juvenile myelomonocytic leukemia (JMML), myelodysplastic/
myeloproliferative neoplasm with ringed sideroblasts and thrombocytosis (MDS/MPN-
RS-T), and myelodysplastic/myeloproliferative neoplasms, unclassifiable (MDS/MPN-U).
The most frequent entity in this category is CMML, while all other diseases are extremely
rare. Thus, only very limited data on the epidemiology of these subgroups exists. An
appropriate diagnosis and classification can be challenging since the diagnosis is still
largely based on morphologic criteria and myelodysplastic as well as myeloproliferative
features can be found in various occurrences. The diseases in this category share several
features that are common in this specific WHO-category, but also exhibit specific traits for
each disease. This review summarizes published data on epidemiological features and
offers a brief overview of the main diagnostic criteria and clinical characteristics of the five
MDS/MPN subgroups.

Keywords: MDS/MPN, overlap syndromes, CMML, MDS/MPN-RS-T, aCML, JMML, MDS/MPN-U, epidemiology
INTRODUCTION

The World Health Organization (WHO) recognizes a group of rare clonal hematopoietic
malignancies with mixed features of Myelodysplastic Syndrome (MDS) as well as
Myeloproliferative Neoplasms (MPNs) (1). These malignancies are placed in a separate WHO-
category named myelodysplastic/myeloproliferative neoplasms (MDS/MPN). The group consists of
myeloid diseases including chronic myelomonocytic leukemia (CMML), atypical chronic myeloid
leukemia, BCR-ABL1-negative (aCML), juvenile myelomonocytic leukemia (JMML), myelodysplastic/
myeloproliferative neoplasm with ringed sideroblasts and thrombocytosis (MDS/MPN-RS-T), and
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myelodysplastic/myeloproliferative neoplasms, unclassifiable
(MDS/MPN-U). Diagnosing these diseases can be challenging,
as they can exhibit different features of MDS andMPNs.While the
simultaneous existence of dysplasia and proliferation is
mandatory, other features might be cytopenias, often in
coexistence with “cytoses” and organomegaly. “MDS-like”
symptoms as a result of ineffective hematopoiesis including
fatigue, dyspnea, infections, and bleeding occur in parallel to the
more “MPN-like” symptoms resulting from proliferative
hematopoiesis, namely night sweats, weight loss, and increased
risk of thromboembolic complications. Unfortunately, the
morphological features of MDS/MPNs are not specific but can
be found in other myeloid malignancies at presentation or as part
of disease progression. Diagnostically, there is a considerable
overlap between the different MDS/MPNs as well as the
different myelodysplastic and myeloproliferative neoplasms. At
present, no cytogenetic or molecular genetic abnormalities specific
for any of the MDS/MPN subtypes exist. Nevertheless, genetic
abnormalities play an important role in excluding a diagnosis of a
particular MDS/MPN and some abnormalities might at least help
ascertain the correct subtype (2–17).

The existence of disorders with overlapping myelodysplastic
and myeloproliferative features has been described years ago. A
true recognition and classification of this group of diseases,
however, occurred much more recently. In 1976 the French-
American-British (FAB) cooperative group introduced a
classification and nomenclature of the acute myeloid and
lymphoid leukemias (18). Two types of MDS, RAEB and
CMML, were presented as an addendum. Then, in 1982, the
FAB-group introduced a classification and nomenclature of the
MDS (19). CMML was included as one of the 5 subtypes of MDS
in this classification system. Only with the introduction of the
WHO-classification (20) in 2001 the existence of overlap
syndromes between MDS and MPN was formally recognized
and CMML was moved into this new founded category of
myeloid malignancies. In addition to CMML the new group
included aCML, JMML, and MDS/MPN-U. Refractory anemia
with ringed sideroblasts associated with marked thrombocytosis
(RARS-T) was initially proposed as a provisional entity in the
WHO 2001 classification of myeloid neoplasms (20) and only
2016 recognized as a formal subgroup (MDS/MPN-RS-T) of
MDS/MPN by the latest version of the WHO-classification (1).
Additional entities that have been discussed and might represent
separate entities of MDS/MPN in future classifications are MDS
with isolated del(5q) and JAK2-V617F mutation and MDS/MPN
with isolated isochromosome 17q (21–30).

The WHO-category MDS/MPN encompasses three relatively
well-defined entities, namely CMML, JMML, and MDS/MPN-
RS-T, the diagnostic criteria for which are easy to follow. In
contrast, aCML andMDS/MPN-U are less well-defined and their
diagnosis largely remains a matter of exclusion of other myeloid
neoplasms (1). Main diagnostic criteria of the MDS/MPN
subgroups according to WHO 2016 are depicted in Table 1.

The entities included within the WHO-category MDS/MPN
share several common features, but also exhibit differences
defining the individual disease (13, 15, 31–54). The hallmark of
Frontiers in Oncology | www.frontiersin.org 245
MDS/MPNs is the unique mixture of cytopenias and “cytoses”.
Therefore, the bone marrow is typically hypercellular due to the
combination of a very effective “myeloproliferative”
hematopoiesis and an ineffective, dysplastic hematopoiesis (54–
57). Dysplasia is seen in at least one hematopoietic lineage. By
definition, the diseases have further characteristics in common:
The percentage of blasts in PB and BM must be <20%. Certain
cytogenetic abnormalities must be ruled out to exclude other
genetically defined myeloid malignancies sharing features of
myelodysplastic and myeloproliferative diseases. These include
BCR-ABL1, PDGFRA, PDGFRB, PCM1-JAK2, and FGFR1 (1).
Except JMML, MDS/MPN are diseases of the elderly and all
MDS/MPN show a clear male preponderance, with the possible
exception of MDS/MPN-RS-T where the gender distribution
differs between publications and some even exhibit a slight
predominance of the female gender (13, 15, 31–53). A high
frequency of anemia is a further characteristic of most MDS/
MPN, while other cytopenias are often less pronounced when
compared to MDS, or “cytoses” occur. An increased WBC is
frequent or mandatory in proliferative CMML, JMML, aCML,
MDS/MPN-U and MDS/MPN-RS-T. Thrombocytosis is
mandatory in MDS/MPN-RS-T and can occur in all other
MDS/MPN subtypes as well (1, 50–54, 57).

The majority of patients show fatigue and most, maybe except
MDS/MPN-RS-T, exhibit frequent general (MPN-like)
symptoms like night sweats as well as symptoms of
organomegaly and extramedullary disease. Spleno- and often
an additional hepatomegaly are frequent clinical findings,
especially in CMML and JMML. Again, an exception might be
MDS/MPN-RS-T, but the data on these clinical features is
unfortunately sparse regarding this rare entity (15, 17, 41, 43,
44, 46, 48–54, 58).

MDS/MPN also share a very low frequency of cytogenetic
aberrations compared to MDS. In this regard the exception
might be MDS/MPN-U. If cytogenetic abnormalities occur, +8
is by far the most frequent (13, 14, 17, 37, 39–44, 46, 48–54, 58).
The frequency of molecular abnormalities on the other hand is
very high. Such aberrations can be found in more than 90% of
patients (2–17, 50–54, 58). Except in MDS/MPN-RS-T and
partly in MDS/MPN-U, the frequency of JAK-2 mutations is
very low when compared to classical MPNs (50–54).

Unfortunately, another feature, shared by this group of
overlap diseases, is a poor response to treatment other than
allogeneic stem cell transplantation. CMML, aCML, and MDS/
MPN-U share a poor prognosis in general and afflicted patients
are often too old for transplantation (16, 17, 31–36, 41, 43, 44,
46–54, 59–61). JMML might have a special role, as some children
show spontaneous regression and otherwise most afflicted
patients can be transplanted, but on the other hand the
severity of the disease is obvious regarding the still unsatisfying
long-term survival and the poor response to treatment other
than transplantation can be observed for JMML as well (32, 37,
62). The only true exception seems to be MDS/MPN-RS-T which
exhibits a low risk of progression and a long median survival
time (13, 39–42). An overview of differences and similarities
between the MDS/MPN subgroups is given in Table 2.
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TABLE 1 | Main diagnostic criteria of the MDS/MPN subgroups according to WHO 2016 (1).
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CMML JMML MDS/MPN-RS-T aCML

Persistent peripheral monocytosis
(≥1000/µl) with monocytes
accounting for ≥10% of leukocytes
(1)

Peripheral blood monocyte
count (≥1000/µl) (required)

Anemia associated with erythroid lineage
dysplasia, with or without multilineage
dysplasia; ≥15% ringed sideroblasts

Peripheral blood leukocytosis ≥13000/µl, due
increased numbers of neutrophils and their
precursors (i.e., promyelocytes, myelocytes,
metamyelocytes), with neutrophil precursors
constituting ≥10% of the leukocytes

- Dysplasia involving ≥ myeloid
lineage
or

- if myelodysplasia is absent
or minimal, criteria (1-4) are met
and
- an acquired, clonal
cytogenetic or molecular genetic
abnormality is present in
hematopoietic cells

or
- the monocytosis has
persisted for ≥3 months and all
other causes of monocytosis
(i.e., malignance, infection, and
inflammation) have been
excluded

Splenomegaly (required) Persistent thrombocytosis, with platelet
count ≥450000/µl

- Dysgranulopoiesis, which may include ab
chromatin clumping
- No or minimal absolute basophilia; basop
constitute <2% of the peripheral blood leuko
- No or minimal absolute monocytosis; mo
constitute <10% of the peripheral blood leuk
- Hypercellular bone marrow with granuloc
proliferation and granulocytic dysplasia, with
without dysplasia in the erythroid or megaka
lineages

- WHO-criteria for BCR-ABL1-
positive chronic myeloid leukemia,
primary myelofibrosis, polycythemia
vera, and essential
thrombocythemia are not met (2)

- No Philadelphia
chromosome or BCR-ABL1
fusion (required)

- No BCR-ABL1 fusion
- No history of myeloproliferative
neoplasm, myelodysplastic syndrome
(except myelodysplastic syndrome with
ringed sideroblasts), or other
myelodysplastic/myeloproliferative
neoplasm

- WHO-criteria for BCR-ABL1-positive chro
myeloid leukemia, primary myelofibrosis,
polycythemia vera, and essential thrombocyt
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- No rearrangement of PDGFRA,
PDGFRB, PCM1-JAK2, and FGFR1
(must be specifically excluded in
cases of eosinophilia) (3)

- Somatic mutation in
PTPN11, KRAS, or NRAS
- Clinical diagnosis of
neurofibromatosis type 1 or
NF1 mutation
- Germline CBL mutation and
loss of heterozygosity of CBL
(1 genetic criterion is sufficient)
Cases that do not meet any of
the genetic criteria must meet
the following criteria in addition
to the clinical and
hematological criteria:
- Monosomy 7 or any other
chromosomal abnormality
or ≥2 of the following:
- Increased hemoglobin F for
age
- Myeloid or erythroid

- SF3B1 mutation or, in the absence of
SF3B1 mutation, no history of recent
cytotoxic or growth factor therapy that
could explain the myelodysplastic/myelo-
proliferative features
- no rearrangement of PDGFRA,
PDGFRB, PCM1-JAK2, and FGFR1 (must
be specifically excluded in cases of
eosinophilia)
and
- no t(3;3)(q21.3;q26.2),
inv(3)(q21.3;q26.2), or del(5q)

- No rearrangement of PDGFRA, PDGFRB
PCM1-JAK2, and FGFR1 (must be specifica
excluded in cases of eosinophilia)
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EPIDEMIOLOGY OF MDS/MPN

Epidemiological studies on MDS/MPNs are scarce and most of
the existing data is limited to CMML. For other MDS/MPN
subtypes only vague estimations exist.

Regarding CMML, Dinmohamed et al. (31) find an annual
standardized incidence (ASR) rate of 0.3 per 100.000 for the
period of 1989 to 2012 in the Netherlands. The ASR increased
from 1989 to 2007 and remained then stable at 0.38/100 000
until 2012. The ASR was higher in males (0.42) when
compared to females (0.18) and increased with age from
0.02 per 100.000 under the age of 50 years to 3.62 in
patients ≥80 years old. Relative survival did not improve
over time with the 5-year relative survival rate (RSR) being
only 16, 20, and 20% in the three time periods investigated.
Interestingly, the RSR was poor in all age groups, ranging
from 12% in the group above 80 years to 21% in patients
younger than 50 years of age.

In a study on the epidemiology of MDS and MPDs in the
United States from 2001 to 2004, data from the NAACCR as well
as the SEER programs was used by Rollison et al. (34). They
found an age adjusted incidence of 0.3 per 100 000, about one-
tenth that of MDS. Survival of patients with CMML was worse
when compared to MDS and MPD, the 3-year survival being
21%. While 3-year survival decreased with increasing age, similar
to the Dutch study survival was again poor in all age groups. 3-
year survival was 12% in patients over the age of 80 and, in
comparison, still only 33% in patients with an age between 50
and 59 years. This was clearly inferior when compared to MDS
(37% and 54%) and MPD (66 and 89%), respectively.

Another US study on Seer data reported incidence and
survival of patients with MDS and MPDs between 2001 and
2012 (32). An age adjusted incidence rate of 4.3 per 100 000 was
reported for all MDS/MPN taken together. The largest
proportion represented by far the patients with CMML (4.1
per 100 000). Patients with aCML had an age adjusted incidence
rate of 0.1 same as patients with JMML. Incidence rates for MDS/
MPN-U or MDS/MPN-RS-T were not reported in this study.
Incidence rates were higher in males when compared to females
for all 3 overlap syndromes reported (male: female ratio 2.31 for
CMML, 2.05 for aCML, and 2.30 for JMML). Incidence increased
exponentially with increasing age. This was especially apparent
for CMML when compared to MPNs. For aCML and JMML
such data was not available. The incidence rates for CMML were
significantly lower in Hispanics (3.0), Blacks (3.1), or Asian/
Pacific Islanders (2.7) compared to Non-Hispanic Whites (4.4).
For the other subgroups numbers were too low for such
calculations. Incidence rates for CMML did not increase
significantly over the time period investigated. As in the other
studies survival of CMML patients was generally very poor, but
slightly better in women vs men and younger vs. older patients
(5-year survival 16% males ≥60, 27% males <60 years old, 18%
females ≥60, 32% females <60 years of age). For aCML 5-year
survival was even worse with 11% for male patients compared to
16% for female patients over the age of 60. In children with
JMML the 5-year survival rate was 56% for males and 66% for
females, without treatment data given.
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TABLE 2 | Differences and similarities between the MDS/MPNs.

MDS/MPN-U

———————————

CML (44, 70, 71)

———————————

-1.5 per 100 000 (72, 73)

accounts for 0,05% of all MDS currently in the Duesseldorf MDS registry

(35)

———————————————————————————————

<2% of MDS (49);

———————————————————————————————

For comparison: incidence MDS 3-5/100 000 (34, 63–65)

65-71 (16, 17, 41, 43, 48, 49)

64-76% male (16, 17, 41, 43, 48)

———————————

), 31% (43); median blast

, myeloid hyperplasia,

poplasia (52, 57)

current data from the Duesseldorf registry: cellularity: 50% hypercellular

50% normocellular

0% hypocellular

fibrosis: 42% (35)

———————————————————————————————

Degree of marrow fibrosis: 27% (43); Median marrow blast count 2-3%

(16, 17, 41, 43, 48)

ia, absolute monocytosis

is low, no prominent

WBC can be everything between decreased and strongly increased;

platelet counts, and hemoglobin values can vary as well (16, 17, 43, 48)

6), frequency of 49% Frequency of splenomegaly 23-36% (17, 41, 43, 48), Hepatomegaly 10-

23% (41, 43)

———————————————————————————————

62% splenomegaly in the Duesseldorf MDS registry (35)

m organomegaly, bone

/leukostasis can occur

Constitutional symptoms 69% (48); 61% symptomatic (46% fatigue,

15% night sweats) (49)

(43, 44, 46) 35-51% abnormal, most frequent +8, -7/del(7q) del(20q), and complex

(17, 43, 48, 49)

), EZH2 (19%), RUNX1

), CSFR3R (<5%) (15),;

ASXL1 (29%), TET2 (27%), JAK2 (25%), SRSF2 (23%), EZH2 (17%),

U2AF1 (13%), RUNX1 (13%), SF3B1 (12%), ZRSR2 (11%), SETBP1

(11%), NRAS (10%), DNMT3A (9%), TP53 (8%) CSF3R (5%), STAG2

(5%), CBL (4%), ETV6 (4%), NPM1 (4%), CEBPA (4%), CALR (3%),

KRAS (3%), PTPN11 (3%), MPL (3%) (16)

ASXL1 (56%), SRSF2 (37%), SETBP1 (21%), JAK2 (19%), NRAS (15%),

TET2 (13%) (17, 84)

of age (32); median OS 25

rvival 7% (46); median

ian OS 12 months (43)

Median OS 19 months (41), median OS 12 months (from sample date)

(16); median OS 12.4 months (from presentation) (48);

median OS 26 months (17); median OS 21 months (49); median OS 22

months (43)

18 months (44);

11.5 months (46); AML

nths (47); AML

vival 11 months (43)

AML transformation 16% after a median of 11 months (16); AML

transformation 16% after a median follow up of 61 months, median LFS

24 months (17); AML transformation 23%, median LFS 19 months (43);

AML transformation 54% (70% of non-RARS-T MDS/MPN-U) after a

median follow-up of 20 months (49)

92) MDS with del(5q) and JAK2 V617F mutation, MDS with isolated

isochromosome (17q) (21–30)
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CMML JMML MDS/MPN-RS-T aCML

Incidence accounts for 12.5% of all MDS currently in the MDS registry (35)

———————————————————————————————

~0.3-0.4 (31, 33, 34, 62); 1 (36); 4.1 (32) cases per 100 000;

———————————————————————————————

For comparison: incidence MDS 3-5/100 000 (34, 63–65)

———————————————————————————————

0.1 per 100 000 (32), about 1 per million children per year (66); <2-3% of all

leukemias in children, ~20-30% of all cases of MDS or MPD in children,

0.63 per million children per year (38)

———————————————————————————————

For comparison: Incidence of leukemia in children ~6 per 100 000 (67)

Incidence of childhood MDS 0.5-6/million population per year (37, 66, 68)

accounts for 1,45% of all MDS currently in the Duesseldorf MDS registry

(35)

———————————————————————————————

<1% of MDS (49); 0.7% of all MDS cases (50, 69);

———————————————————————————————

For comparison: incidence MDS 3-5/100 000 (34, 63–65)

————————————————————

0.1 per 100 000 (32); 1-2% of bcr-abl positive

————————————————————

For comparison: incidence bcr-abl+ CML ~0.7

Median Age/

years

75-76 (31–33) <1 -2 (32, 37, 38) 63-75 (13, 39–42) 62-73 (15, 32, 43–47)

Gender 61-76% male (31– 36) 71-73% male (32, 38) 47-62% male (13, 39–42) 55-69% male (32, 43, 46, 47)

Bone marrow

findings

current data from the Duesseldorf registry: cellularity: 68% hypercellular

27% normocellular

5% hypocellular

fibrosis: 16% (35)

———————————————————————————————

Degree of marrow fibrosis: 54% (74); ≥MF2 3% (75), ≥MF2 77% (76);

possible presence of plasmacytoid dendritic cells (58, 77–79); Cellularity:

hypocellular 5%, normocellular 30%, hypercellular 65% (50); differentiation

between CMML 0, I, and II depending on marrow blast count

———————————————————————————————

Hypercellular marrow, often reduced megakaryocytes, normal- moderately

elevated blast count (51)

current data from the Duesseldorf registry: cellularity: 67% hypercellular

31% normocellular

2% hypocellular

fibrosis: 8% (35)

———————————————————————————————

<5% marrow blasts [median 1-2% (13, 41, 42)], presence of >15%

ringed sideroblasts, presence of large, atypical megakaryocytes, usually

hypercellular marrow (13, 42)

————————————————————

Degree of marrow fibrosis: 37% (15), 71% (52

count 1-3% (15, 43–46); hypercellular marrow

granulocytic dysplasia prominent, erythroid hy

Peripheral cell

counts

Absolute and relative monocytosis, pB blast count <20%, cytopenias may

occur in all cell lines, differentiation between dysplastic and proliferative

CMML by WBC (</>13000/µl); frequency dysplastic:proliferative

42%:58% (36), 50%:50% (50)

leukocytosis, monocytosis, immature monocytes, myelocytes,

metamyelocytes, nucleated red cells, presence of peripheral blasts frequent

(median <2%), often thrombocytopenia and moderate anemia (51)

WBC can be slightly decreased, normal or more often mild to

moderately increased, thrombocytosis by definition, moderate to severe

anemia (13, 39–42)

WBC increased, mostly mild to moderate anem

is common, but the percentage of monocytes

basophilia (57)

Localization High frequency of hepato- and splenomegaly, and extramedullary

involvement (especially proliferative subtype)

———————————————————————————————

27% splenomegaly in the Duesseldorf MDS registry (35)

Almost 100% hepato-splenomegaly, frequently lymphadenopathy, skin

rashes, and other extramedullary involvement

Frequency of hepato-, splenomegaly 12% (41)

———————————————————————————————

18% splenomegaly in the Duesseldorf MDS registry (35)

Frequency of splenomegaly 50-70% (15, 44, 4

hepatomegaly (44)

Clinical

features

Frequently fatigue, night sweats, symptoms from organomegaly, bone

pain, weight loss, cachexia (58), about 30% can present with autoimmune

diseases/systemic inflammatory syndromes (80–83); hyperleukocytosis/

leukostasis can occur

Increased synthesis of hemoglobin F; signs of autoimmunity in 25% of

children, hypergammaglobulinemia in about 50% (37); often pulmonary

infiltrates with dry cough, tachypnea, and interstitial infiltrates; frequent gut

infiltrates with diarrhea and gastrointestinal infections, skin rashes, eventually

features of syndromic disease like café-au-lait spots, facial dysmorphia,

heart disease, failure to thrive, hearing loss, and others (51)

Frequently presenting with fatigue, increased risk of thromboembolic

events, comparable to ET; “MPD-typical” general symptoms appear to

be less frequent

Frequently fatigue, night sweats, symptoms fro

pain, weight loss, cachexia; hyperleukocytosis

Cytogenetic

features

20-30% abnormal, most frequent +8, -7, del(7q), -Y (58) About 35% abnormal, about 25% -7 (37) About 10-20% abnormal, most common +8 (13, 14, 39–42) 20-44% abnormal, most frequent +8, del(20q)

Molecular

genetic

features

Frequency of molecular abnormalities >90% most frequent TET2 (~60%),

SRSF2 (~50%), ASXL1 (~40%), RUNX1 (~15%), SETBP1 (~15%), CBL

(~15%), NRAS (~15%), KRAS (~10%), SF3B1 (~5-10%), U2AF1 (~5-

10%), IDH2 (~5-10%), ZRSR2 (~5%), PHF6 (~5%), PTPN11 (~5%), EZH2

(~5%), DNMT3A (~5%), FLT3 (~<5%), TP53 (~1%), IDH1 (~1%) (2–11,

58, 84); JAK-2 relatively uncommon

Mainly altered RAS pathway; about 90% of patients have mutations in either

PTPN11, NRAS, KRAS, CBL, or NF1; secondary genetic alterations:

ASXL1, EZH2, SETBP1, JAK3, spliceosomal genes (less frequent) (12)

SF3B1 (~85%), JAK2 (~50%), TET2 (~25%), ASXL1 (~20%), DNMT3A

(~15%), SETBP1 (~10%), EZH2 (~7%), SRSF2 (~7%), U2AF1 (~5%),

IDH2 (~4%), CBL (~4%), ZRSR2 (~3%), MPL (~3%), ETV6 (~3%),

RUNX1 (~1%) (13, 14, 84)

SETBP1 (30%), ETNK1 (16%)

ASXL1 (43%), TET2 (27%), NRAS/KRAS (22%

(14%), SRSF2 (14%), CBL (8%), CREBBP (8%

JAK-2 relatively uncommon (84)

survival 5-year survival 20% (31); 3-year survival 21% (34); 5-year survival 16%

males ≥60, 27% males <60years old, 18% females ≥60, 32% females

<60 years of age (32); RSR at 3-years 27-37%, 5-years 19-23% in the

US and RSR at 3-years 48-40%, 5-years 34-26% in Switzerland (33);

Median OS: not reached to 18 months (CPSS) (59), 97-16 months (Mayo

Molecular Model) (60), and 56-9.2 months (GFM-Model) (61)

———————————————————————————————

Current data from the Duesseldorf MDS registry (35): mOS: CMML 0: 33

months

CMML I: 20 months

CMML II: 14 months

5-year survival 56% males, 66% females (32); children with CBL-mutated

JMML often experience spontaneous regression as well as a few patients

with NRAS mutated JMML; the majority of patients requires allogeneic

transplantation; allogeneic transplantation results in a disease-free survival of

52% (data from 2005) (62); survival at 10 years 0.39 for children after HSCT

and 0.06 for children without HSCT (data from 1997) (37)

Median OS 76 months (39); median OS 80, 42, and 11 months in three

different risk groups (13); median OS NR (41); median OS 88-101

month (42); median OS 10,7 years (40)

———————————————————————————————

Current data from the Duesseldorf MDS registry (35): mOS: 61 months

5-year survival 11% males, 16% females ≥60

months (44), Median OS 24 months, 5-year su

OS 10 months, 2-year survival 28% (47); med

Leukemic

transformation

AML transformation rate 39% (36); 4-year leukemic transformation rate 0-

48% (59); AML transformation 19% after a median of 7 months (46);

AML transformation 8, 23, and 23% at 5 yrs (63); AML transformation 13,

29, 60, and 73% (59), AML transformation 16% at a median follow up of

23 months (60)

———————————————————————————————

Current data from the Duesseldorf MDS registry (35):

AML at 2 yrs: CMML O: 14%

CMML I: 21%

CMML II: 42%

AML at 5 yrs: CMML O: 22%

CMML I: 32%

CMML II: 64%

No data available 1.8/100 patients/year (39, 40); 2% at a median follow-up of 27 months

(13); AML transformation 7% (median time to AML or follow-up not

given) (42)

———————————————————————————————

Current data from the Duesseldorf MDS registry (35): AML at 2 yrs.: 5%

AML at 5 yrs.: 8%

AML transformation 40%, median time to AML

AML transformation 31%, median time to AML

transformation 9%, median time to AML 5 mo

transformation 37%, median leukemia free sur

Subtypes and

closely related

diseases

CMML associated with mastocytosis, CMML and blastic plasmacytoid

dendritic cell neoplasm, CMML associated with eosinophilia (77–79), t-

CMML (85), pre CMML syndromes (oligo-monocytic CMML) (86, 87),

CMML with JAK-2 mutation, CMML with rearranged PDGFRA, PDGFRB,

FGFR1, PCM1-JAK2, other MPN (MF, PV.) with monocytosis (“MPN with

CMML-like phenotype”) (88)

Noonan Syndrome (51) aCML with abnormal chromatin clumping (89–
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In an investigation on the incidence of MDS in Western
Greece during a 20-year period (1990-2009) Avgerinou et al. (36)
found an incidence of MDS of 6 per 100.000 inhabitants. From
the data given, a crude incidence of 1 per 100 000 can be
calculated for CMML while the incidence is only 0.1 per 100
000 for all other MDS/MPD together. The incidence of CMML
remained stable over the time period investigated. Within the
period under investigation 39% of CMML patients progressed
to AML.

In a comparative study between Switzerland and the US
(SEER-data) Benzarti et al. described epidemiological trends
regarding CMML between 1999 and 2014 (33). The age
standardized incidence was similar and remained relatively
stable in both countries, being 0.32 (1999-2006) and 0.38
(2007-2014) in Switzerland and 0.37 and 0.35 in the US. In
both countries and time periods it was much higher in
patients above the age of 75 (3.01-4.83 ≥75 vs. 0.17-0.25 <75
years of age) and higher in males when compared to females
(0.51-0.57 vs. 0.17-0.25). There were an increasing proportion of
older patients ≥75 years of age observed in the Swiss Cancer
Registry compared to a decreasing in the US SEER database.
Relative survival improved significantly in the US database (3-
years 27-37%, 5-years 19-23%) and remained stable in
Switzerland (3-years 48-40%, 5-years 34-26%).

In our MDS registry CMML accounts for about 12.5% of all
MDS during a period from 1982 to 2020, leading to a rough
incidence of 0.4 per 100.000 that remained relatively stable over
the investigated time period (35).

CMML is by far the most frequent of MDS/MPNs. Published
incidence rates range from 0.3-4.1 per 100 000 inhabitants with a
median age above 70 years and a male predominance (31–36,
63). CMML might be described as even more heterogeneous
when compared to MDS, with hematological characteristics
ranging from solely dysplastic forms, presenting often
cytopenic and resembling MDS with peripheral monocytosis to
very proliferative forms, characterized by high white blood cell
counts, but also by splenomegaly, extramedullary involvement,
and strong general symptoms. Therefore, the initial distinction,
as proposed by the FAB-classification (19), between dysplastic
and proliferative CMML remains useful from a clinical point of
view. Diagnosis is based on the presence of sustained (>3
months) peripheral blood monocytosis, along with bone
marrow dysplasia. In the current WHO-classification CMML is
subdivided into 3 different groups (CMML 0-II) according to
blast count (1, 93). In 386 patients from our Duesseldorf registry
Schuler et al. found a distribution of 26% CMML-0, 53% CMML-
I, and 21% CMML-II (94).

Chromosomal abnormalities are less frequent in CMML
when compared to MDS and have been described in about 10-
40% of cases. On the other hand, more than 90% of CMML
patients exhibit molecular mutations. These are relatively
homogenous compared to other myeloid malignancies and
mostly belong to a subset of 20 frequently mutated genes (58,
61, 66, 95). The clinical course of CMML patients is extremely
variable, with wide differences in survival and leukemic
transformation risk. Generally, survival is low around 20-35%
Frontiers in Oncology | www.frontiersin.org 649
at 5 years (35, 36, 58, 60, 93), even in lower age groups, but varies
between the different prognostic risk groups. In several studies
on CMML prognosis (CPSS, Mayo- Molecular Model, GFM-
Model) (59–61) median survival ranged from 56 months to not
reached in the best and 9-18 months in the worst prognostic
group. The risk of leukemic transformation is around 15% over
3-5 years (59–61), but again varies considerably between
subgroups (4-year leukemic transformation rate 0-48% [CPSS-
paper) (59)].

JMML is a clonal hematopoietic stem cell disorder of
childhood. It is extremely rare with an incidence rate of about
1 per 1 000 000 children under the age of 14 years (12, 37, 38, 96).
Like CMML the disease is characterized by proliferation of the
monocytic lineage. The age at diagnosis can vary between 1
month and early adolescence, but at least 50% of children are
below 2 years old and only 5% are 5 years or older (37).
Splenomegaly occurs in almost all cases, and hepatomegaly,
lymphadenopathy as well as extramedullary involvement
including skin, lung, and gastro-intestinal tract are common.
While JMML shares a number of features with CMML, its
pathobiology is unique. About a third of patients have
cytogenetic abnormalities, about a quarter show monosomy 7.
Molecular abnormalities occur in at least 90% of patients and
usually involve the RAS pathway. About 90% of cases belong to
one of 5 groups with mutations in either PTPN11, NRAS, KRAS,
CBL, or NF1. The first three subtypes (PTPN11, NRAS, KRAS)
are characterized by heterozygous somatic gain-of-function
mutations in non-syndromic children, while JMML in
neurofibromatosis type 1 and JMML in children with CBL-
syndrome are characterized by germ line RAS disease and
acquired biallelic inactivation of the NF1 or CBL gene in
hematopoietic cells (12, 37). Clinical presentation as well as
outcome differs between these 5 JMML subtypes. Secondary
genetic alterations like ASXL1, EZH2, SETBP1, JAK3, and
mutations in spliceosomal genes often result in disease
progression. Generally, a wide variation exists regarding the
clinical course of the disease. In about 15% of children, most
frequently in CBL mutated disease, spontaneous regression
occurs. The majority of children affected by JMML, however,
require allogeneic transplantation to cure the disease. An
allogeneic stem cell transplantation from a histo-compatible
sibling or HLA-matched unrelated donor results in a disease-
free survival of 52% in a study from 2005 by Locatelli et al. (62).
In an earlier study (1997) the probability of survival at 10 years
was 0.39 for children having received allogeneic stem cell
transplantation and 0.06 for children that did not receive
HSCT (37). Variables like age, level of HbF, platelet count, or,
more recently described, genome-wide DNA methylation
profiles may be helpful to predict the clinical course.

aCML is a rare, BCR-ABL1-negative, MDS/MPN overlap
syndrome characterized by leukocytosis, granulocytic dysplasia,
and a dismal prognosis. It was first described as a variant CML
lacking the Philadelphia chromosome, but diagnostic criteria
have evolved since. However, it can still be challenging to
distinguish aCML from other MPNs like chronic neutrophilic
leukemia or from other MDS/MPN like MDS/MPN-U, as the
November 2021 | Volume 11 | Article 778741
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diagnosis largely relies on morphologic criteria. Its frequency is
not well known, but it is estimated to account for 1-2% of BCR-
ABL1-positive CML (~0.5-2/100000) (44, 70–73). The disorder
affects elderly patients with a median age of 62-73 years and a
male predominance (15, 32, 43–47, 97, 98). The clinical picture is
comparable to Philadelphia positive CML including elevated
WBC with co-occurrence of mature and immature cells of the
granulocytic lineage, splenomegaly, and mild to moderate
anemia. Typical for aCML, however, are severe dysplastic
features predominantly in the granulocytic lineage. Also, in
contrast to classical CML, the genetic basis of the disease is
heterogeneous, with SETBP1 and ETNK1 mutations being
recurrent, but several other mutations, typical for MDS and/or
MPNs can be found as well (15). Cytogenetic abnormalities are
less frequent and occur in 20-40% of patients only (43, 44, 46).
Median survival varies between 10 and 25 months (43, 44, 46,
47). AML evolution occurs in about 31-40% of patients with a
median time to AML of 11-18 months (43, 44, 46).

Of the MDS/MPN overlap syndromes, MDS/MPN-U is the
least well defined. It encompasses such patients, that show
features of myelodysplastic as well as myeloproliferative
disease, who do not fit into one of the other 4 subgroups. The
diagnosis is extremely rare, accounting for less than 2% of MDS
(49). In the Duesseldorf MDS registry it currently accounts for
only 0.05% of all MDS (35). Patients with MDS/MPN-U are
relatively old with a median age of 70 years and show the male
predominance that is seen in other MDS/MPN subgroups.
Regarding cytogenetic features, the percentage of abnormal,
including complex karyotypes is higher when compared to
other MDS/MPN. Of the molecular abnormalities found in
patients with MDS/MPN-U the JAK2-V617F mutation is
relatively frequent in contrast to the other overlap syndromes
except MDS-RS-T. Clinical characteristics are not well
established and often seem to show similarities with one of the
other MDS/MPN-subgroups. Thus, MDS/MPN-U is rather a
mixture of patients not fulfilling all criteria for the diagnosis of
one of the other MDS/MPN subtypes (i.e. not enough peripheral
monocytes to fulfill the diagnosis CMML or slightly less than
450.000 thrombocytes not fulfilling the criteria for MDS-RS-T,
WBC too low for aCML,…). This is, of course, due to the fact,
that all thresholds are more or less arbitrary. This fact might be
unsatisfactory, but as thresholds are necessary, a solution might
be to form subgroups of “CMML-like MDS/MPN-U” and
“MDS-RS-T like MDS/MPN-U” and so on or to allow the
diagnosis of pre-CMML syndromes like oligo-monocytic
CMML (86, 87). Patients should be checked at regular intervals
whether they still fit into the MDS/MPN-U category or might be
transferred into a better defined MDS/MPN subtype. With a
median survival of 1-2 years, survival of patients with MDS/
MPN-U is generally poor. However, some subgroups like the
“MDS-RS-T like MDS/MPN-U” might do better than others.

Refractory anemia with ringed sideroblasts associated with
marked thrombocytosis (MDS-RS-T) is the latest “member” in
the group of MDS/MPN. It was proposed as a provisional entity
in the WHO 2001 classification of myeloid neoplasms. The latest
WHO-classification has now recognized MDS/MPN-RS-T as a
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formal subgroup of the MDS/MPN overlap syndromes. MDS/
MPN-RS-T shares clinical features with MDS-RS-SLD and
essential thrombocythemia. It is characterized by the co-
occurrence of ringed sideroblasts in the bone marrow (≥15%),
together with an increased platelet count (≥450 000/µl) and large,
atypical megakaryocytes. As for most of the other MDS/MPNs
epidemiological data is scarce, due to the rarity of the disease. Its
frequency can be estimated to be below or about 1% of all MDS
(49, 50, 69). In our current MDS registry it accounts for 1,45% of
all MDS (35). The median age at presentation ranges from 71-75
years (13, 39–42). In contrast to other MDS/MPN the male
predominance seems less pronounced but varies between studies
(13, 39–42). Hepato-splenomegaly and extramedullary
involvement appear to be less frequent compared to other
MDS/MPD, same as the “MPD-typical” constitutional
symptoms, although data on these clinical features is still very
limited. In addition, the prognosis is generally better than that of
other MDS/MPD as it resembles the two relatively “benign”
diseases MDS-RS-SLD on the one hand and ET on the other
hand, leading to a relatively low risk of leukemic transformation,
but also to an increased risk of thromboembolic events and an
often symptomatic anemia as the typical presentation of this
unique MDS/MPD subgroup. Regarding cytogenetics, about 80%
of patients exhibit a normal karyotype. Gene mutations,
conversely, are frequent and observed in >90% of patients (13,
14). The most frequent are SF3B1 as well as JAK-2 mutations.
Patients with RARS-T have a shorter overall (76 vs. 117 months)
and leukemia-free survival than patients with essential
thrombocythemia along with a comparable risk of
thromboembolic complications (3.6 vs. 3.9/100 patient years).
On the other hand, they exhibit a longer survival (76 vs. 63
months), but a higher risk of thrombosis when compared to
patients with MDS-RS (3.6 vs. 0.9/100 patient years) (39).

Two groups that are not recognized as (separate) entities
within the MDS/MPN but show unique features and an overlap
of both MDS and MPN are patients with del(5q) and JAK2
V617F mutation and patients with isolated isochromosome
(17q). These groups are small, but usually show the typical
overlapping symptoms of both myelodysplastic and
myeloproliferative disease. MDS with del(5q) and JAK2 are
currently subsumed under MDS with isolated del(5q). This
makes sense on the one hand since patients appear to have a
comparable prognosis when compared to patients with isolated
del(5q) without the JAK2 mutation and treatment with
lenalidomide appears to be active in both subgroups. However,
lenalidomide shows activity in MPNs like myelofibrosis as well.
On the other hand, the most recent and most extensive
publication on this small subgroup of MDS patients by
Sangiorgio et al. (21) shows that median cell counts regarding
platelets, but also WBC, and even red blood cell counts, are
higher when compared to MDS with del(5q) and JAK2-wildtype.
3 patients did not even meet the criteria for MDS and del(5q)
because they lacked sufficient cytopenias. In addition, all 3
patients with data available showed splenomegaly, 4 of 5
patients with available bone marrow histology were
hypercellular and all these patients had grade 1 or 2 fibrosis.
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Dysplasia in the erythroid or granulocytic lineage was lacking.
Still, megakaryocytes were not typical for MPN, but clearly
exhibited dysplastic, del(5q) like features, with hypo- and
monolobulated nuclei, while large hypernucleated forms
existed as well. Thus, one could argue that such patients,
according to their clinical presentation, might better be
recognized as MDS/MPN overlap syndromes than MDS. In
this study 12.7% of all MDS with isolated del(5q) were found
to have a JAK2 V617F mutation. Others found a slightly lower
frequency (22). The JAK2 V617F mutation identifies a subgroup
of MDS patients with isolated deletion 5q and a proliferative
bone marrow.

Isolated isochromosome (17q) can be a finding within complex
karyotypes occurring in different myeloid malignancies, but also,
rarely, exists as sole chromosomal abnormality. In this case, it
often presents asMDS/MPN overlap syndrome. The median age is
around 60 years, with the typical male predominance (23–30).
Patients often present with anemia, leukocytosis, and
splenomegaly. The bone marrow is hypercellular, often
exhibiting some grade of fibrosis, and dysgranulopoiesis,
including hypo- and non-segmented forms, ring nuclei,
hypogranularity, and chromatin clumping is typically
prominent. The blast count is usually low. Monocytosis occurs
frequently, thus many cases are currently subsumed under
CMML. A few might present like aCML, but most other cases
can only be placed in MDS/MPN-U. As patients with this unique
cytogenetic feature share many clinical features and seem to have a
relatively uniform poor prognosis and high risk of leukemic
evolution it is a matter of discussion, whether it might make
sense to form a new, cytogenetically well-defined subgroup of
MDS/MPN. However, in the Duesseldorf MDS registry currently
only one patient with isolated isochromosome (17q) can be
detected. This patient was diagnosed as CMML.
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CONCLUSION

The WHO-category MDS/MPN encompasses a unique group of
clonal myeloid neoplasms exhibiting hybrid features of
myelodysplastic as well as myeloproliferative malignancies. As
most entities are quite rare, epidemiological data is sparse. In
adults the most frequent MDS/MPN by far is CMML, followed
by MDS/MPN-RS-T. aCML and MDS/MPN-U are extremely
rare diseases and not very well defined. An appropriate diagnosis
and classification are difficult, but essential for further
prognostication and treatment decisions. Although diagnosis of
most subtypes is still largely based on morphologic criteria,
d iagnos ing MDS/MPD proper ly shou ld requ ire a
comprehensive clinical and laboratory assessment with
thorough integration of morphological, immunophenotypic,
genetic, as well as clinical examination. While single gene
mutations might occur in different MDS/MPN or other
myeloid diseases certain gene combinations may be more
specific for certain subtypes and might aid in determining the
correct diagnosis (69). Despite an enormous gain of knowledge
regarding molecular genetics and in some subgroups
pathophysiology as well we are still far from satisfactory
treatment options in this rare and heterogeneous group of
myeloid overlap syndromes.
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Atypical chronic myelogenous leukemia (aCML), BCR/ABL1 negative is a rare
myelodysplastic/myeloproliferative neoplasm, usually manifested with hyperleukocytosis
without monocytosis or basophilia, organomegaly, and marked dysgranulopoiesis. In this
review, we will discuss the classification and diagnostic criteria of aCML, as these have
been formulated during the past 30 years, with a focus on the recent advances in the
molecular characterization of the disease. Although this entity does not have a definitive
molecular profile, its molecular characterization has contributed to a better understanding
and more accurate classification and diagnosis of aCML. At the same time, it has
facilitated the identification of adverse prognostic factors and the stratification of
patients according to their risk for leukemic transformation. What is more, the molecular
characterization of the disease has expanded our therapeutic choices, thoroughly
presented and analyzed in this review article.

Keywords: atypical chronic myelogenous leukemia, myelodysplastic syndrome/myeloproliferative neoplasm,
diagnostic criteria, treatment, molecular characterization
INTRODUCTION

Atypical chronic myelogenous leukemia (aCML), BCR/ABL1 negative is a rare disorder classified
into the category of myelodysplastic/myeloproliferative neoplasms (MDS/MPN), according to the
2016 revision of the World Health organization (WHO) classification of myeloid neoplasms and
acute leukemia (1). It is, by definition, a BCR-ABL1-negative clonal disorder sharing
myelodysplastic and myeloproliferative features. Due to its rarity, the diagnostic criteria for
aCML have been changing since its first description while there are no established standards of
care for patients with this condition; hence we will focus on the diagnostic criteria of the disease,
new molecular characteristics that have emerged during the last few years, some of which have
already been incorporated in the latest diagnostic criteria of the WHO, the proposed risk
stratification systems, and the available treatment approaches for aCML.
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Diamantopoulos and Viniou Diagnosis and treatment of aCML
EPIDEMIOLOGY, CLINICAL AND
LABORATORY CHARACTERISTICS

The incidence of aCML is low, a fact leading to limited
knowledge about this disease entity. Its true incidence is largely
unknown, since it is usually estimated in comparison to that of
(BCR-ABL1-positive) CML at about one to two cases per 100
cases of CML (2). The cases reported so far concern adults.
Patients usually present in the seventh or eighth decade of life
and there is an apparent male predominance (1:1 to 4:1 in several
case series).

The patients usually present with organomegaly and
hyperleukocytosis. Splenomegaly has been reported in 50% to
75% of the patients while in one patient series, hepatomegaly has
been reported to be present in 49% of the patients. The median
white blood cell (WBC) count at presentation has been reported
to fluctuate between 23x109/L to 97x109/L in several case series.
The patients are usually moderately to severely anemic [median
hemoglobin (Hb) level, 8.6 g/dL to 11.7 g/dL], while about two
thirds of them are transfusion dependent. The platelet count
may be decreased or normal but can also be found increased in
several cases (3). Monocyte and basophile counts are usually
within normal range while immature myeloid precursors
(promyelocytes, myelocytes, metamyelocytes) are usually
present in the peripheral blood smear (10% to 20%), but
peripheral blasts are generally absent or low. The neutrophils
are highly dysplastic in most cases with typical pseudo-Pelger-
Huet changes and hypogranularity of the cytoplasm while
dyserythropoiesis and dysmegakaryopoiesis may also be
present (3). The bone marrow is hypercellular, with an
increased myeloid-to-erythroid ratio (usually up to 10:1) while
marrow fibrosis may be present. By definition, blood or bone
marrow blasts are less than 20%..
CLASSIFICATION AND DIAGNOSTIC
CRITERIA

In the late 80s, the first reports of the disease came to light, with
the scientific community wondering whether a Philadelphia-
negative CML exists (4). This lead to the identification of
“masked” or “hidden” cases of BCR/ABL1 translocation (5–8),
and to the understanding that “CML-like” changes can be found
without the diagnostic hallmark of CML. At the same time, cases
with features compatible with chronic neutrophilic leukemia
(CNL) (9) or chronic myelomonocytic leukemia (10, 11) but
atypical presentation were identified, leading to the initial
descriptions of the clinical and laboratory characteristics of the
disease that eventually led to its classification in the group of
chronic myeloid leukemias (12). The French-American-British
(FAB) Cooperative Leukaemia Group also classified the disease
in 1994 as a subtype of chronic myeloid leukemia with distinct
features such as the low basophil and monocyte count,
granulocytic dysplasia, presence of immature granulocytes up
to 10%-20% ofWBC, blasts <2%, and the absence of Philadelphia
(Ph) chromosome and the BCR-ABL1 fusion gene (13).
Frontiers in Oncology | www.frontiersin.org 256
The WHO 2001 classification had minimal differences from
the original FAB classification, mainly referring to the marked
multilineage dysplasia and the blast percentage in the bone
marrow at <20%. In 2008, the new WHO classification added
the threshold of 13x109/L to define leukocytosis while it also
proposed the limit of 10% of total WBC for monocytes.
Moreover, it limited dysplasia to dysgranulopoiesis and for the
first time it required the absence of other rearrangements besides
that of BCR-ABL1 (2). Finally, the latest WHO 2016 classification
(1) emphasized molecular changes in newly described genes
(ETNK1, SETBP1) and the absence of rearrangement of
PDGFRA, PDGFRB, FGFR1, and PCM1-JAK2. Moreover, for
the first time, it was added as an exclusion criterion that WHO
criteria for other myeloproliferative neoplasms should not be
met. Finally, it is the first time that marrow cellularity is
commented on. Nevertheless, there is no quantification of
bone marrow cellularity and dysplasia in any of the available
diagnostic criteria as is usually the case in other disease entities.
Although a major feature of aCML, prominent dysgranulopoiesis
is not further specified qualitatively and, especially, quantitatively.
Granulocytic dysplasia includes pseudo-Pelger-Huët cells, other
types of abnormal segmentation of the nucleus or abnormal
chromatin clumping, and reduced cytoplasmic granularity.
Although, dysgranulopoiesis is the main morphologic
feature of the disorder, dyserythropoiesis and, especially,
dysmegakaryopoiesis are not rare, although more subtle. These
defining morphologic features help distinguish aCML from other
entities such as CML and CNL where dysplastic features are
minimal or absent (14). A comprehensive list of the diagnostic
criteria for aCML as these were shaped during the last 35 years is
presented in Table 1.

In conclusion, the defining characteristics of aCML are
granulocytic proliferation with marked dysgranulopoiesis,
along with minimal or absent monocytosis and absence of
basophilia, without BCR/ABL1 translocation or rearrangements
of genes that define other hematologic neoplasms. Because of the
rarity of aCML, it remains virtually an exclusion diagnosis that
should be made when other MDS and MPN can be safely ruled
out. In recent years, the molecular profile of the disease is being
increasingly outlined through the accumulation of data on the
detection of recurrent molecular abnormalities that may
contribute to the differential diagnosis of aCML. These
molecular changes may be incorporated in the diagnostic
criteria for the disease in the future.

The cytogenetic abnormalities in aCML, apart from the lack
of the Philadelphia chromosome, are not disease-specific and
include trisomy 8, deletion Y, deletion 20q, isochromosome 17
(q), and other cytogenetic changes along with complex karyotype
that are usually found in MDS. Nevertheless, about 50% to 80%
of the cases have normal karyotypes (15, 16).

Although the presence of several molecular changes can help to
rule out the diagnosis of aCML, there is no definitive molecular
profile of the disease. During the last few years, recurrent mutations
have been increasingly identified in patients with aCML, but the
percentage of patients bearing those mutations vary significantly
among different studies. Frequently mutated genes (i.e. >20% of
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cases) are SETBP1, ASXL1, NRAS/KRAS, SRSF2, and TET2 while a
variety of genes, including CSF3R, CBL, EZH2, ETNK1, U2AF1 and
others (14, 15, 17–22) are found mutated in a lower frequency
(<10% of cases). The genes found recurrently mutated in aCML,
along with their chromosomal location, normal function, affected
exons, mutation types, and clinical implications are listed in Table 2
(23). Moreover, an algorithm for the diagnosis of aCML
incorporating molecular data has been proposed and can be
found in Figure 1. Since some of the mutated genes found in
patients with aCML may be targetable, below we will discuss
frequently mutated genes that may affect treatment decision. A
list of actionable and non-actionable mutations along with potential
targeted therapies can be found in Table 3.

SET Binding Protein 1 (SETBP1)
The most frequently identified mutated gene in aCML, in up to
one third of cases, is SETBP1 (15, 20, 21, 30). SETBP1 binds to SET
which inhibits the tumor suppressor PP2A. This binding protects
SET from cleavage, thus repressing PP2A activity. Mutations of
SETBP1 lead to ubiquitination and, thus, degradation of the
protein, increasing SET expression, and, consequently, cellular
proliferation through inhibition of PP2A. SETPB1mutations have
been correlated with more pronounced dysplasia, higher WBC
counts, more severe anemia and thrombocytopenia, as well as a
worse prognosis (20, 21). Moreover, SETBP1mutations have been
associated with ASXL1 and CBL mutations while they have been
found to be mutually exclusive with JAK2 and TET2 mutations
(21). SETBP1 mutations have been incorporated as a supportive
criterion for aCML in the WHO 2016 diagnostic criteria.

Ethanolamine Kinase 1 (ETNK1)
ETNK1 is responsible for the phosphorylation of ethanolamine
to phosphoethanolamine as part of the Kennedy pathway,
which is the main metabolic route for the synthesis of
phosphatidylethanolamine and phosphatidylcholine (31). The
presence of phosphatidylethanolamine is crucial for cytokinesis
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and cells lacking phosphatidylethanolamine are unable to
complete the mitotic process while reduced intracellular
phosphoethanolamine causes hyperactivation of the mitochondria,
ROS production, and Histone H2AX phosphorylation, ultimately
leading to DNA damage. Recurrent somatic mutations of ETNK1
have been found in about 13% of patients with aCML (32). A recent
study on 43 aCML samples identified ETNK1mutations in 16.2% of
the analyzed samples while it also suggested that whereas ETNK1
mutations are an early event in the clonal evolution history of the
disease, SETBP1 mutations are usually a late event (33). Although
the presence of ETNK1 mutations has been considered as a
relatively specific finding for aCML, leading to their inclusion in
the 2016WHO classification as a support criterion for the diagnosis
of the disease, they have also been found in chronic
myelomonocytic leukemia (CMML) and systemic mastocytosis
with eosinophilia (34) while they were recently described in
diffuse large B-cell lymphoma (35). Nevertheless, the interest in
ETNK1 mutations remains high due to the fact that
phosphoethanolamine, the metabolic product of ETNK1, has
been shown to negatively control mitochondrial activity, thus
restoring a normal phenotype (24).

Colony Stimulating Factor 3 Receptor
(CSF3R)
Although, in an early study, CSF3Rmutations had been reported
in 59% of patients with aCML and CNL (25, 36), further studies
did not confirm this high frequency, and it is now believed that
CSF3R-mutated aCML is in fact rare (19, 37). Nevertheless, these
mutations have been proposed to activate either the JAK-STAT
pathway (CSF3R membrane proximal mutation), or the SRC-
kinase signaling pathway (CSF3R truncating mutation), thus
being targetable with ruxolitinib or dasatinib, respectively (38).
Moreover, due to the extremely high frequency of CSF3R
mutations in CNL (39), these mutations constitute a criterion
for the diagnosis of CNL and, along with other morphological
and clinical features, help distinguish CNL from aCML In fact,
TABLE 1 | Diagnostic criteria of atypical chronic myeloid leukemia, BCR/ABL1 negative.

Feature FAB (1994) WHO 2001 WHO 2008 WHO 2016

Ph chromosome Absent Absent Absent Absent
BCR/ABL1 Absent Absent Absent Absent
Leukocytosis Present Persistent Persistent (≥13x109/L) Persistent (≥13x109/L)
Basophil count <2% <2% <2% <2%
Monocyte count ≥3% and

<10%
<1x109/L <1x109/L and <10% of leukocytes <10% of leukocytes

Multilineage dysplasia NA Marked NA Dyserythropoiesis and dysmegakaryopoiesis
may be present

Dysgranulopoiesis ++ NA Marked Present
Immature granulocytes 10-20% >10% NA ≥ 10% leukocytes
Blasts >2% <20% (bone

marrow)
NA <20% (blood and bone marrow)

Bone marrow cellularity NA NA NA Hypercellular bone marrow
Other molecular
characteristics

NA NA No rearrangements of PDGFRA, PDGFRB, and
FGFR1

No rearrangements of PDGFRA, PDGFRB,
FGFR1, and PCM1-JAK2
Emphasis on molecular changes (ETNK1,
SETBP1)

Other factors NA NA NA WHO criteria for other MPNs not met
No
FAB, French-American-British; WHO, World Health Organization; Ph, Philadelphia; MPN, myeloproliferative neoplasm; NA, not available; MPN, myeloproliferative neoplasm.
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TABLE 2 | Recurrently mutated genes in aCML.

Gene Chromosomal
location

Normal function Mutations Clinical implication

SETBP1 18q12.3 It encodes a protein containing a ski
homology region, a SET-binding region,
and 3 nuclear localization signals. The
protein binds to the SET nuclear
oncogene which is involved in DNA
replication. The SETBP1 protein is thought
to control genes involved in developmental
processes (e.g. nerve cell migration in the
brain during fetal development).

Exon count: 15 Severe anemia and
thrombocytopeniaNonsense substitution A>C

Missense substitution A>G Poor prognosis
Synonymous substitution A>T
Inframe deletion C>G
Frameshift deletion G>A
Inframe insertion C>A
Frameshift insertion C>T
Complex mutation G>C
• c.2602G>A, p.Asp868Asn (sAML, MDS, CMML1/2, CML-BP)
• c.2608G>A, p.Gly870Ser (sAML, MDS, CMML1/2, CML-BP)
• c.2640C>A, p.Asp880Glu (sAML)
• c.2638G>A, p.Asp880Asn (CMML1)
• c.2612T>C, p.Ile871Thr (sAML, pAML,

ETNK1 12p12.1-p11.2 It catalyzes the first step of the de novo
phosphatidylethanolamine biosynthesis
pathway, responsible for the
phosphorylation of ethanolamine to
phosphoethanolamine.

Exon count: 13 Association with
altered sensitivity to
the AKT kinase
inhibitor capivasertib

Nonsense substitution A>C
Missense substitution A>G
Synonymous substitution A>T
Inframe deletion C>G
Frameshift deletion G>A

CSF3R 1p34.3 Essential for granulocytic maturation. Exon Count: 19 Transformation to AM
Plays a crucial role in the proliferation,
differentiation, and survival of cells of the
neutrophilic lineage.

Nonsense substitution A>C Congenital neutropen
Missense substitution A>G
Synonymous substitution A>T

May function in some adhesion or
recognition events at the cell surface.

Inframe deletion C>G
Frameshift deletion G>A
Inframe insertion C>A
Frameshift insertion C>T
Complex mutation G>C

SRSF2 17q25.1 Necessary for pre-mRNA splicing. Exon count: 5 Poor prognosis in
MDS

Required for formation of the earliest ATP-
dependent splicing complex and interacts
with spliceosome components bound to
both the 5’- and 3’-splice sites during
spliceosome assembly.

Nonsense substitution A>C No prognosis impact
in CMMLMissense substitution A>G

Synonymous substitution A>T
Inframe deletion C>G
Frameshift deletion G>A
Inframe insertion C>A
Frameshift insertion C>T
Complex mutation G>C

NRAS 1p13.2 Oncogene encoding a membrane protein
that shuttles between the Golgi apparatus
and the plasma membrane.

Exon count: 7 Associated with
altered sensitivity to
selumetinib, cediranib
ibrutinib, and dasatini

Nonsense substitution A>C
Missense substitution A>G

The protein has intrinsic GTPase activity; it
is activated by a guanine nucleotide-
exchange factor and inactivated by a
GTPase activating protein

Synonymous substitution A>T
Inframe deletion C>G Mutations which

change amino-acids
12, 13 or 61 enhance
the potential of Ras to
transform cultured
cells and are
implicated in a variety
of human tumors.

Frameshift deletion G>A
Inframe insertion C>A
Frameshift insertion C>T
Complex mutation G>C

ASXL1 20q11.21 It encodes a chromatin-binding protein,
member of the Polycomb group of
proteins involved in transcriptional
regulation mediated by ligand-bound
nuclear hormone receptors, such as
retinoic acid receptors (RARs) and
peroxisome proliferator-activated receptor
gamma (PPARG).

Exon count: 18 Mutations in ASXL1
are associated with
altered sensitivity to 4
drugs among them
olaparib, venetoclax,
and pevonedistat

Nonsense substitution A>C
Missense substitution A>G
Synonymous substitution A>T
Inframe deletion C>G
Frameshift deletion G>A

It is thought to disrupt chromatin in
localized areas, enhancing transcription of
certain genes while repressing the
transcription of others.

Inframe insertion C>A
Frameshift insertion C>T
Complex mutation G>C

(Continued)
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the identification of a CSF3R mutation in a patient with
hepatosplenomegaly, hyperleukocytosis with prominence of
neutrophils, low percentage of peripheral blood immature
granulocytes and myeloblasts, along with minimal or absent
dysgranulopoiesis in the bone marrow strongly favors the
diagnosis of CNL over aCML.
Frontiers in Oncology | www.frontiersin.org 559
Serine and Arginine Rich Splicing Factor
2 (SRSF2)
SRSF2 mutations have been reported in 12%, 13.5%, and 40% of
aCML cases in three studies (15, 33, 37). In the study by Patnaik
et al., the presence of SRSF2 mutations in three of the examined
cases did not affect OS, while one patient had a concomitant
TABLE 2 | Continued

Gene Chromosomal
location

Normal function Mutations Clinical implications

TET2 4q24 It plays a key role in active DNA
demethylation. It is also involved in the
recruitment of the O-GlcNAc OGT to
CpG-rich transcription start sites of active
genes, thereby promoting histone H2B
GlcNAcylation by OGT.

Exon count: 15 Associated with
altered sensitivity to
bexarotene, Ara-G,
tretinoin and VNLG/
124.

Nonsense substitution A>C
Missense substitution A>G
Synonymous substitution A>T
Inframe deletion C>G
Frameshift deletion G>A
Inframe insertion C>A
Frameshift insertion C>T
Complex mutation G>C
November 2021 | Volum
SETBP1, SET Binding Protein 1; sAML, secondary acute myeloid leukemia; MDS, myelodysplastic syndrome; CMML, chronic myelomonocytic leukemia; pAML, primary acute myeloid
leukemia; ETNK1, ethanolamine kinase 1; CSF3R, colony stimulating factor 3 receptor; SRSF2, serine and arginine rich splicing factor 2; NRAS, neuroblastoma RAS viral oncogene;
ASXL1, Additional Sex Combs Like 1; TET2, Ten-eleven Translocation 2; OGT, O-linked N-acetylglucosamine transferase; Ara-G, 9-b-D- arabinofuranosylguanine, VNLG/124, 4-
(butanoyloxymethyl)phenyl(2 E,4 E,6 E,8 E)-3,7-dimethyl-9-(2,6,6-trimethylcyclohex-1-enyl)nona-2,4,6,8-tetraenoate
Frequently encountered mutations are reported in bold.
FIGURE 1 | Proposed algorithm for the diagnosis of aCML. MDS/MPN, myelodysplastic syndrome/myeloproliferative neoplasm; CML, chronic myeloid leukemia;
CMML, chronic myelomonocytic leukemia; FISH, fluorescent in situ hybridization; RS, ring sideroblasts; T, thrombocytosis; CNL, chronic neutrophilic leukemia;
aCML, atypical chronic myelogenous leukemia, BCR/ABL1 negative.
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TET2 mutation. On the other hand, in the study by
Meggendorfer et al., it was shown that SRSF2 mutations
tended to coexist with SETBP1 and ASXL1 mutations.

RAS Mutations
NRAS mutations resulting is constitutive activation of the MAPK
pathway, thus, promotingmalignant cell survival andproliferation,
have been detected in up to one third of patients with aCML (19,
40).Moreover, it has been shown that enhancedMAPK signaling is
crucial to leukemogenesis by CSF3Rmutants in CNL (41).

Other Gene Mutations
Mutations ofASXL1 and TET2 are found in over 15% of cases with
aCML. In one study, TET2 mutations were correlated with lower
OS along with advanced age and low hemoglobin level. On the
other hand, ASXL1 is considered to be the most commonly
mutated gene in aCML (28%), but it has also been shown not to
affect overall survival (OS)despite thedetrimental effect on survival
in CMML, CNL, and PMF (37). Mutations of ASXL1 have been
found to accompany spliceosome genemutations in as high as 65%
of cases (21), a fact supporting the hypothesis of serial
accumulation of mutations in the malignant clone, that seems to
apply to all MDS/MPNs (42). It should be noted though, that the
correlationofOSwith themutational statushasbeenbased in small
patient series and should, therefore, be considered with caution.
TREATMENT APPROACHES FOR ACML

As already mentioned, there is no standard of care for the
management of patients with aCML. The rarity of the disease
has led to its misclassification, resulting in the lack of a
universally accepted risk stratification system that would lead
to the formulation of recommendations for risk-based treatment
strategies. Treatment choices are based on the results of small
Frontiers in Oncology | www.frontiersin.org 660
trials and patient series while some classical therapeutic options
have never actually been studied and their use is only based on
their efficacy in other MDS/MPN. Recently, the molecular profile
of the disease has led to the emergence of new treatment options
based on targetable mutations, but their use is mostly based on
preclinical data or case reports. Most patients require some kind
of treatment since their initial presentation, due to the
accelerating leukocytosis and the deteriorating anemia,
splenomegaly, and constitutional symptoms, thus a wait-and-
watch strategy is rarely advisable.

As already mentioned, there is a lack of risk stratification
systems for aCML, mainly due to the rarity of the condition and to
the absence of large studies evaluating prognosis. Nevertheless,
there have been some efforts to identify adverse prognostic factors
and to stratify the patients according to their risk for AML
transformation and death. In one of the largest studies in aCML,
the authors analyzed the prognostic characteristics of 76
treatment-naïve patients with BCR/ABL1 negative CML.
Multivariate analysis identified age >65 years, hemoglobin level
<10 g/dL, and WBC>50x109/L as independent prognostic factors
of poor survival (43). In the same study it was shown that
treatment did not significantly affect survival. Moreover, a
simple scoring system assigning one point to each one of the
three above-mentioned independent prognostic factors was
designed to stratify patients according to their expected survival.
The system stratified the patients into two risk-groups (low risk
with 0-1 point and high risk with >1 points), with a corresponding
median survival of 38 months versus 9 months (p<0.01). Although
this risk stratification system has not been widely used, the value of
its prognostic parameters has been confirmed in more recent
studies. Thus, in a study of 55 patients with aCML (44)
multivariate analysis associated shorter survival with age >65
years, female sex, WBC>50x109/L, and presence of circulating
immature precursors while the hemoglobin level did not retain its
statistical significance. The authors also evaluated the risk of
TABLE 3 | Actionable and non-actionable mutations in aCML.

Mutated
gene

Actionable Potential targeted
therapy

Comments

SETBP1 No NA No reports on the development of agents targeting SETBP1.
ETNK1 Possibly P-Et It has been shown in ETNK1 overexpression models and patient samples that P-Et is able to fully counteract the

metabolic effects of ETNK1 overexpression (24).
CSF3R Yes Ruxoitinib for

CSF3R membrane
proximal mutation

After a few case reports on the successful use of ruxolitinib in patients with CSF3R mutations, a phase II study including
23 patients with aCML, six of whom carried an activating mutation of CSF3R reported an overall response rate of only
8.7% (18).

Dasatinib for CSF3R
truncating mutation

In vitro studies with dasatinib on cell lines with truncating mutations of CSF3R have shown sensitivity of the cells to the
drug (25, 26), but no in vivo reports have supported these findings.

SRSF2 Possibly CTX-712 CTX-712 is a novel Clk Inhibitor that has been found to exert an anti-tumor effect in an SRSF2-mutated xenograft model
(26).

NRAS Yes Trametinib A phase I/II nonrandomized study has shown clinical activity of trametinib in several RAS-mutated myeloid malignancies
(27).

ASXL1 Possibly BAP1 catalytic
inhibitors

BAP1 catalytic inhibitors have been shown to inhibit truncated-ASXL1-driven leukemic gene expression and halt tumor
progression in vivo (28).

TET2 Possibly TET-selective small
molecule inhibitor

Treatment with a TET-selective small molecule inhibitor has been found to suppress the clonal evolution of TET2 mutant
cells in murine models and human leukemia xenografts (29).
aCML, atypical chronic myelogenous leukemia; BCR/ABL1 negative; P-Et, phosphoethanolamine SETBP1, SET Binding Protein 1; NA, not applicable; ETNK1, ethanolamine kinase 1;
CSF3R, colony stimulating factor 3 receptor; SRSF2, serine and arginine rich splicing factor 2; NRAS, neuroblastoma RAS viral oncogene; ASXL1, Additional Sex Combs Like 1; BAP1,
BRCA1 associated protein 1; TET2, Ten-eleven translocation.
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leukemic transformation that was found to be higher in patients
with palpable hepatosplenomegaly, monocytosis, bone marrow
blasts >5%, marked dyserythropoiesis, and transfusion
dependence. Moreover, they tried to validate the prognostic
scoring system by Onida et al. and reported that, in their cohort,
it could not identify poor survival but identified patients at higher
risk for AML transformation. A smaller study reported longer
survival rates in patients with normal platelet counts and
hemoglobin level >10 g/dL (45) while in a study of 65 patients,
WBC>50x109/L, and a high blood immature myeloid cell count
and bone marrow blast count (as continuous variables) were
correlated with lower OS in univariate analysis. However, no
multivariate analysis was carried out (19). Finally, in the most
recent study in aCML, age >67 years, hemoglobin level <10 g/dL,
and TET2 mutations were correlated with lower survival rates in
multivariate analysis (37). The authors also provided a two-group
prognostic model based on the above parameters, with a median
OS of 18 and seven months, respectively. Table 4 summarizes the
proposed prognostic factors for aCML by the above
referenced studies.

In conclusion, most of the studies reporting on prognostic
factors in aCML agree that advanced age, anemia,
hyperleukocytosis, and presence of immature myeloid cells in
the peripheral blood adversely affect OS. It is becoming more and
more obvious that the underlying molecular mechanisms may be
well correlated with prognosis; thus, further analysis of the
molecular footprint of the disease will allow the design of
more accurate risk stratification systems that will define the
treatment needs of each patient. The available treatment options
for patients with aCML are presented in detail in the
following paragraphs.
Allogeneic Hematopoietic Stem Cell
Transplantation (Allo-HSCT)
Allo-HSCT should be considered in all eligible patients, given the
unfavorable prognosis of aCML. Nevertheless, the age of the
Frontiers in Oncology | www.frontiersin.org 761
patients is usually a prohibitive factor while at the same time
there is limited reliable data on the efficacy of allo-HSCT in
patients with aCML. Several small studies of retrospective nature
have been published. In a study of nine transplanted patients
(four from HLA-identical siblings, four from HLA-compatible
unrelated donors and one from a twin sibling) followed for a
median period of 55 months, all nine achieved complete
chimerism and remained in complete remission (CR) while,
with the exception of one patient who died from cerebral
toxoplasmosis, the remaining eight were alive at the time of
the analysis (46). In another study of seven patients with aCML
treated with allo-HSCT, after a follow-up period of 17.5 months,
only two were alive; one had died due to aCML, and the
remaining four due to transplantation related complications
(47). In an analysis of 42 cases reported to the European
Society for Blood and Marrow Transplantation (EBMT)
registry, donors were HLA-identical siblings in 64% and
matched unrelated in 36% of the cases. A CR was observed in
87% of patients and the 5-year relapse-free survival was 36%.
Younger patients with low EBMT risk scores were found to be
the best candidates for allo-HSCT (43). In a recent study of 14
patients with aCML treated with allo-HSCT, 13/14 had received
first-line therapy (10/14 with hydroxyurea) with variable
responses, 8/13 had received second-line therapy before
transplant, and 4/8 third-line therapy while at least two had
progressed to acute myelogenous leukemia (AML) before allo-
HSCT. Five, seven, and two patients received an allograft from
HLA-matched related, unrelated marrow, and unrelated cord
blood donors, respectively. A myeloablative regimen was used in
11/14 patients. Among patients with neutrophil engraftment, 9/
13 achieved a CR and the 1-year OS was 54.4%, being higher in
univariate analysis in patients with related donors, <5%
myeloblasts in the peripheral blood, and a Karnofsky
performance status of ≤80% (48).

Questions on the donor source, the correct timing (i.e.
upfront transplantation versus transplantation after initial
treatment to reduce the disease burden), the intensity of the
TABLE 4 | Factors correlated with lower overall survival in patients with atypical chronic myelogenous leukemia, BCR/ABL1 negative.

Onida et al Breccia et al Wang et al Hernandez et al Patnaik et al

Number of patients, N 76 55 65 11 25
Median OS (months) 24 25 21.4 14 10.8
Age (years) >65 >65 – – >67
Gender – F – – NS
Hemoglobin level (g/dL) <10 NS – <10 <10
Dyserythropoiesis – present* – – –

Transfusion dependence – present* – – NS
WBC (x109/L) >50 >50 >50 – NS
Monocyte count >1.0x109/L 3-8%* – –

Platelet count (x109/L) – – NS <140 NS
Blood immature myeloid cells (%) >10 present ↑ – NS
Bone marrow blasts (%) – >5* ↑ – NS
LDH level (U/mL) >2000 – NS – –

Hepatosplenomegaly – Present* – – NS
Gene mutations – – – – TET2
No
vember 2021 | Volume 11 |
*Risk factor for acute myeloid leukemia transformation.
OS, overall survival; F, female; NS, not significant; WBC, white blood cell; LDH, lactated dehydrogenase; ↑, high (as a continuous variable).
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conditioning regimen, the impact of previously administered
treatments, and the possible impact of the molecular profile of
the patients still remain unanswered. Nevertheless, the advanced
age of most patients with aCML probably dictates the use of
reduced intensity conditioning regimens while the molecular
profile of the patients may be useful for the monitoring of
minimal residual disease (49) and as a guide for post-
transplant maintenance in cases with targetable mutations.

Hypomethylating Agents (HMAs)
The use of HMAs in patients with aCML should be a case-by-
case approach since patients with striking myeloproliferative
features are less likely to respond to HMAs. Although data on
the efficacy and safety of HMAs in aCML is limited, the rationale
for their use is sound, based on their established activity in
CMML and other MDS/MPN. Early data on the use of decitabine
in seven patients with aCML and a median age of 67 years
showed an OS rate of only 13 months and a 14% 2-year survival
rate (50). In a study of 76 patients with aCML treated with
several regimens (5 patients treated with an HMA), OS was not
affected by the treatment choice, but no information is
specifically provided for the prognosis of patients treated with
HMAs (51). Decitabine has also been administered in four
patients with aCML and after a median of 2.5 cycles of
treatment and a median follow-up of 13 months, three patients
were still alive (one of them eventually treated with allo-HSCT)
(52). Finally, in a report of five patients with aCML treated with
HMAs, the best achieved response was stable disease (37), while
a few case reports give mixed results on the efficacy of HMAs.
Thus, a general rule would be that the use of HMAs in patients
with aCML should be restricted in elderly patients with
prominent dysplastic and more subtle myeloproliferative
features, or as a bridge to a transplant.

Cytoreduction and Intensive
Chemotherapy
Historically, hydroxyurea has been the mainstay of treatment for
patients with aCML and other MDS/MPNs. In recent reports, it
remains the most widely used factor for the management of
myeloproliferation in aCML and it can effectively control
leukocytosis and splenomegaly, but responses are typically
short-lived. In an early study on 11 patients with aCML, nine
were treated with hydroxyurea achieving a partial remission (8).
In a study of 55 patients with aCML, 48 (87.3%) patients had
been treated with hydroxyurea, but the effect of treatment on OS
was not further discussed by the authors (44). Furthermore, in a
study on the characteristics and outcome of 76 patients with
aCML, the authors stated that 53% of the patients had already
been treated with hydroxyurea or busulfan at the time of their
referral to the study center while nine of them were also treated
with hydroxyurea after their referral. Although there was no
specific mention of the outcome per regimen, the authors
reported that there was no significant difference in OS between
treated and untreated patients (43). Finally, in a more recent
study of 25 patients, hydroxyurea had been administered in 15
(60.0%) patients, but treatment outcomes were not evaluated
(37). Busulfan and low-dose cytarabine have also been used in
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the treatment of patients with aCM while intensive
chemotherapy is not a standard treatment option for patients
with aCML and should be reserved for patients with
leukemic transformation.

Ruxolitinib
Activating mutations in CSF3R have been found to drive
myeloproliferative disorders resembling aCML and CNL in
mouse models, where these mutations are sensitive to JAK
inhibition that may effectively reduce the WBC count and the
spleen size (53). Preliminary data has shown that treatment of
aCML/CNL cells carrying activating mutations of CSF3R with
ruxolitinib resulted in inhibition of cell growth while a patient
with CNL bearing the CSF3R T618I mutation was effectively
treated with ruxolitinib (25). Although the experience with
ruxolitinib was limited to case reports, a recent phase II study
was conducted to investigate the hematologic response to
ruxolitinib in patients with aCML/CNL. The study included 23
patients with aCML, six of whom carried an activating mutation
of CSF3R (T618I, T640N, or T615A). Response (PR and CR) was
reported in only two (8.7%) patients while no serious adverse
events attributed to ruxolitinib were observed (54). The results of
this trial reduced the initial enthusiasm on the efficacy of
targeting CSF3R mutations with ruxolotinib in aCML,
especially since these mutations proved to be rather rare in this
condition. The use of ruxolitinib as a bridge to transplant,
though, is still a valid choice in an effort to reduce the WBC
count and splenomegaly following the paradigm of myelofibrosis
although clinical trials are still lacking.

Dasatinib
CSF3R truncation mutations have been shown to activate the
SRC family pathway offering an option of targeted therapy with
dasatinib. This SRC family kinase inhibitor used in CML has
been proposed to potentially have therapeutic value in aCML
with CSF3R truncation mutations since in vitro studies of cell
lines with such mutations have shown sensitivity of the cells to
the drug (18, 25). However, these preclinical data have not been
supported by in vivo reports to date.

Trametinib
The mitogen-activated protein kinase kinase (MEK) inhibitor
trametinib, approved for the treatment of advanced or metastatic
melanoma, has been proven active against NRAS-mutated AML
in human cell lines and murine models (55). Moreover, it has
been shown that MEK inhibition with trametinib is sufficient to
suppress CNL induced by CSF3R mutations, highlighting a
MAPK-dependent mechanism of CSF3R-induced pathogenesis
that is valid at least in CNL (41). A case report of a patient with
aCML responding to trametinib (56) and a phase I/II
nonrandomized study showing clinical activity of trametinib in
several RAS-mutated myeloid malignancies (27) have confirmed
these preclinical data although the beneficial effect of the drug in
reducing the blast count was not translated into a survival
benefit. Further studies with trametinib as monotherapy or in
combination with other targeted therapies are needed to test its
efficacy in aCML.
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Other Agents
Interferon has been used in aCML with mixed results. In an early
study of 14 patients, interferon-a was administered to seven
patients following treatment with hydroxyurea, and CR was
achieved in five (57). In another study on the characteristics
and outcome of patients with aCML, interferon-a and
interferon-g were used as single-agent therapy in 17 patients
with aCML; nevertheless, response rates were not presented (43).
Moreover, among 11 patients with aCML, six were treated with
interferon-a, two of whom achieved a CR lasting for 9 and 40
months (8). In another early study, out of 14 patients treated
with interferon-a, six (43%) of them responded (five with a CR)
with a duration of response ranging from 1 to >100 months (58).
Finally, among five patients with aCML treated with peg-
interferon-a-2b in the context of a phase II study, two
responded to treatment achieving a CR after three months of
treatment (59). The above-referenced results show that the use of
interferon-a and its pegylated formulations should be
further investigated.

Supportive and Palliative Treatment
Supportive treatment should be offered to all patients in the form
of erythropoiesis-stimulating agents (ESAs) and red blood cell
transfusions. The use of ESAs in terms of efficacy and safety has
never been specifically studied for aCML. Thus, factors
predicting response to ESAs have not been established.
Moreover, heavily transfused patients should probably also
receive iron chelation therapy, depending on their estimated
prognosis, but this strategy is not supported by any published
data. Finally, the use of corticosteroids, danazol, and thalidomide
or lenalidomide to treat anemia has never been studied or
reported in patients of aCML. Splenectomy or splenic
irradiation have been scarcely used in the past as palliative
measures in patients with aCML, with no disease improvement
(8, 50, 60). Thus, they should be avoided since any possible
benefit is cancelled out by potentially severe complications, such
as bleeding, thrombosis, infection, and potential acceleration of
leukocytosis and/or hepatomegaly (22).
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Conclusions on Treatment Approach
Based on the available data, the general principals of the
management of patients with aCML can be summarized into
the following.

a. Allo-HSCT should be offered to all eligible patients.
b. Myeloid mutation panel testing should be performed to all

patients to detect potentially targetable mutations.
c. Although clinical trials focusing on patients with aCML are

rare, inclusion in a clinical trial should be an early choice,
especially for patients without targetable mutations.

d. In patients not eligible for allo-HSCT, the treatment should
focus on addressing the patient’s major clinical issues
(constitutional symptoms, anemia, organomegaly) and
potentially on decreasing the possibility of progression to
AML although supporting data about the latter is lacking.

e. Treatment strategies applicable to patients with MDS orMPN
can be selected on a case-by-case approach.

f. Given the poor prognosis of aCML, initiation of treatment is
generally favored over a watch-and-wait strategy.

The prognosis of patients with aCML remains poor and cases
with long survival are the exception to the rule. Further
identification of the molecular footprint of the disease may allow
for the emergence of new targeted treatment choices that may
reduce the risk for AML transformation and prolong survival.
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Polycythemia Vera (PV) is a myeloproliferative neoplasm with increased risk of thrombosis
and progression to myelofibrosis. Chronic inflammation is commonly observed in
myeloproliferative neoplasms including PV. The inflammatory network includes the
extracellular vesicles (EVs), which play a role in cell-cell communication. Recent
evidence points to circulating microbial components/microbes as potential players in
hemopoiesis regulation. To address the role of EVs in PV, here we investigated phenotype
and microbial DNA cargo of circulating EVs through multidimensional analysis. Peripheral
blood and feces were collected from PV patients (n=38) and healthy donors (n=30).
Circulating megakaryocyte (MK)- and platelet (PLT)-derived EVs were analyzed by flow
cytometry. After microbial DNA extraction from feces and isolated EVs, the 16S rDNA V3-
V4 region was sequenced. We found that the proportion of circulating MK-derived EVs
was significantly decreased in PV patients as compared with the healthy donors. By
contrast, the proportion of the PLT-derived EVs was increased. Interestingly, PV was also
associated with a microbial DNA signature of the isolated EVs with higher diversity and
distinct microbial composition than the healthy counterparts. Of note, increased
proportion of isolated lipopolysaccharide-associated EVs has been demonstrated in PV
patients. Conversely, the gut microbiome profile failed to identify a distinct layout between
PV patients and healthy donors. In conclusion, PV is associated with circulating EVs
harbouring abnormal phenotype and dysbiosis signature with a potential role in the
(inflammatory) pathogenesis of the disease.
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INTRODUCTION

Polycythemia Vera (PV) is a chronic myeloproliferative
neoplasm (MPN) characterized by clonal expansion of the
erythrocyte mass. There is often concurrent stimulation of
myeloid and megakaryocytic lineages leading to increased
white blood cell and platelet production, respectively.
Molecular pathogenesis relies on constitutive activation of the
JAK-STAT pathway that is responsible for abnormal
myeloproliferation and increased production of circulating
inflammatory cytokines (1, 2). Clinical phenotype includes
increased risk of thrombosis and progression toward
myelofibrosis and/or leukemia. PV management is primarily
focused on minimizing the thrombotic risk, representing the
main cause of morbidity and mortality (3, 4). All MPNs are
associated with an important inflammatory response as
demonstrated by the presence of high plasma levels of
inflammatory cytokines as well as constitutional symptoms
alleviated by anti-inflammatory therapies. These inflammatory
cytokines are synthetized by the mutated and non-mutated
hematopoietic cells as well as by non-hematopoietic cells such
as mesenchymal stromal cells (5–8). Inflammation is an
important thrombotic risk factor in PV (3, 4, 9).

Over the past few years, extracellular vesicles (EVs) have
emerged as key modulators of immunity and inflammation (10).
EVs from both immune and nonimmune cells, such as
mesenchymal stem cells and endothelial cells, contribute to
antigen-specific and nonspecific immune regulation. They also
likely play a role in modulating inflammatory and autoimmune
diseases (11). EVs are membrane-surrounded particles that are
released by a broad variety of cells, either eukaryotic or
prokaryotic, with effects on cell signaling. EV cargos are
enriched in nucleic acids, proteins, and lipids and these
bioactive molecules can be delivered to recipient cells to
influence their biological properties and modify surrounding
microenvironment or distant targets. Most circulating EVs are of
megakaryocyte (MK-EVs) and platelet (PLT-EVs) origin.
Recently, the number as well as the cargo, including proteins,
microRNA and long non-coding RNA, have been reported to be
upregulated in the EVs of patients with blood cancers, suggesting
that circulating EVs might be a diagnostic marker for these
disorders (12, 13).

Interestingly, evidence indicative of the presence of a
microbial component in the blood of healthy human
individuals is steadily accumulating (14, 15). Furthermore, EVs
may contain a range of immunostimulatory microbe-associated
molecules, including Gram-negative bacteria derived-
lipopolysaccharide (LPS), whose circulating levels have been
reported to be increased in patients with intestinal barrier
dysfunction (16, 17). Of note, it has been hypothesized that
peculiar cargo of microbiomes components in EVs may control
for their overall inflammatory potential.

Based on this, here we hypothesized that the combined
evaluation of circulating EVs and the carried microbiomes
components could provide a signature for PV patients and
possibly contribute to add further knowledge of the
pathogenesis of the disease.
Frontiers in Oncology | www.frontiersin.org 267
METHODS

The “EV-PV” study is a monocenter clinical-biological study
promoted by the Institute of Hematology “L. and A. Seràgnoli”,
S. Orsola-Malpighi Bologna University Hospital, and performed
in collaboration with the Department of Pharmacy and
Biotechnology, University of Bologna. After approval by the
local Ethics Committee, the EV-PV study was conducted
according to the Helsinki declaration. Informed consent was
obtained from all subjects.

Collection of Peripheral Blood and Platelet
Poor Plasma Preparation
Briefly, EDTA-anticoagulated peripheral blood and fecal samples
were collected from PV patients, regardless of the time of
diagnosis, and from age- and sex-matched healthy donors
(HD). PV was diagnosed according to the 2016 WHO
classification (18). After discarding the first 2 ml of blood,
Platelet Poor Plasma (PPP) was obtained (within 2 hours from
blood collection) after two consecutive centrifugations at 2500 ×
g for 15 min at room temperature. PPP was then aliquoted and
stored at -80°C until testing.

Identification and Characterization of
Circulating EVs by Flow Cytometry
Circulating MK (CD61+/CD62P-)- and PLT (CD61+/CD62P+)
-EVs were analyzed by flow cytometry (Navios, Beckman Coulter,
Milan, Italy) in PPP, after thawing at 37°C. PPP (100 µl) was
incubated at 4°C for 15 min with antibodies, then diluted 1:3 and
acquired immediately (List of monoclonal antibodies according to
EVs subtype is shown in Table S2). To detect EVs, the instrument
was calibrated with MegaMix Beads (Stagò, Marseille, France).
Fluorescence gated polystyrene beads of different sizes were used
to determine the gates identifying big (500-900 nm), small (200-300
nm) and nano (100-160 nm) EVs, as previously described (19). The
Violet Side Scatter laser (VSSC) was used as a trigger signal to
discriminate noise. Our analysis was focused on big EVs that were
identified by using the size and ability to bind specific monoclonal
antibodies. Matched isotype controls were used to select the cut-off.
By using the defined gate for big EVs, all events positive for marker
staining were recorded and expressed as a percentage of
positive EVs.

Circulating EV Isolation, Enumeration,
Morphology, and Phenotype
Characterization
EVs were isolated from thawed PPP (2 ml at 37°C) by
ultracentrifugation at 100,000 × g for 2 hours at 4°C with
Optima L-90 K ultracentrifuge (Beckman Coulter) equipped
with Type 50.2 Ti rotor, as previously described (20). After
centrifugation, pelleted EVs were resuspended and washed with
twice filtered (filter pore size, 0.22 µm) Dulbecco’s PBS (DPBS;
Sigma Aldrich). Finally, EVs were resuspended in saline buffer
solution with 1% DMSO and stored at − 80°C until use. EV
enumeration and purity were assessed by using the NanoSight
technology (NanoSight NS300-Malvern Panalytical Ltd.,
Royston, United Kingdom) and nanoparticle tracking analysis
November 2021 | Volume 11 | Article 715217
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software (NTA Proprietary Software-Malvern Panalytical Ltd.).
Transmission electron microscopy analysis of the isolated EVs
was also performed. Samples were processed for negative
staining by adsorption, washing and staining steps. The
suspension (10 µl) was placed on a carbon-coated grid and
after 30 sec of adsorption, it was slowly and gently removed by
bibulous pieces of paper without touching the grid directly.
Then, a series of droplets of distilled water were used to
remove interfering salts. Ten microliters of water 1% uranyl
acetate solution, pH 4.4 were used for negative staining, 5-10 sec.
Stain droplets were gently removed as described above. After
drying, grids were observed by a Philips CM 100 (TSS
microscopy, Hillsboro, OR, USA), recorded by digital camera
(Olympus, Milan, Italy), and digitally measured by iTem
software. Isolated EVs were characterized by cytofluorimetric
analysis using monoclonal antibodies against tetraspanins (CD9,
CD63, CD81), CD61, CD62P, and lipopolysaccharide (LPS) (List
of monoclonal antibodies according to EVs subtype is shown in
Table S2). Conjugated mouse isotypic IgG was used as a control.
Briefly, EVs (2×108) were stained at 4°C for 15 min, then diluted
1:3 and acquired immediately, as above described. Tetraspanins
analysis was focused on total isolated EVs while the other
markers were analyzed on big EVs.

Microbial DNA Extraction From Feces
and Isolated EVs
Microbial DNA was extracted from feces (250 mg) and isolated
EVs (2ml of PPP) using the repeated bead-beating plus columns
method, as previously described with a few modifications (21). In
brief, all samples were suspended in 1 ml of lysis buffer (500 mM
NaCl, 50 mM Tris-HCl pH 8, 50 mM EDTA, and 4% (w/v) SDS),
added with four 3-mm glass beads and 0.5 g of 0.1-mm zirconia
beads (BioSpec Products, Bartlesville, OK) and bead-beaten in a
FastPrep instrument (MP Biomedicals, Irvine, CA) at 5.5
movements/sec for 1 min. Only one homogenization step was
performed for EVs samples, while for stool samples it was
repeated three times, incubating the samples on ice for 5 min
between treatments. After incubation at 95°C for 15 min, all
samples were centrifuged at 13,000 rpm for 5 min. Nucleic acids
were precipitated by adding 260 µl of 10 M ammonium acetate
and one volume of isopropanol. The pellets were then washed
with 70% ethanol and suspended in 100 µl of TE buffer (10 mM
Tris-HCl, 1 mM EDTA, pH 8). RNA was removed by treatment
with 2 µl of 10mg/ml DNase-free RNase at 37°C for 15min. Protein
removal and column-based DNA purification were performed by
using the DNeasy Blood and Tissue kit (QIAGEN, Hilden,
Germany) and following the manufacturer’s instructions.
Template-free controls (i.e. RPMI medium and extraction kit
reagents) were processed as well, in the same way as the samples.
DNA was quantified with the NanoDrop ND-10000
spectrophotometer (NanoDrop Technologies, Wilmington, DE).

16S rRNA Gene Amplification
and Sequencing
The V3-V4 hypervariable region of the 16S rRNA gene was
amplified from DNA extracted from isolated EVs, stool samples
and no-template controls, by using the 341F and 785R primers
Frontiers in Oncology | www.frontiersin.org 368
with Illumina overhang adapter sequences, as previously
described by Klindworth et al. (22). PCR reactions were
performed by using KAPA HiFi HotStart ReadyMix (Roche,
Mannheim, Germany), in a Thermal Cycler T (Biometra,
Göttingen, Germany) with the following gradient: 3 min at
95°C for the initial denaturation, 25 cycles of denaturation at
95°C for 30 sec, annealing at 55°C for 30 sec, and elongation
at 72°C for 30 sec, and a final elongation step at 72°C for 5 min.
PCR products of around 460 bp were purified using a magnetic
bead-based system (Agencourt AMPure XP, Beckman Coulter),
and a limited-cycle PCR using Nextera Technology was
performed to obtain the indexed library, followed by a second
clean-up step as described above. Indexed libraries were pooled
at equimolar concentration of 4 nM, denatured with NaOH 0.2
N, and diluted to 5 pM before loading onto the Illumina MiSeq
flow cell. The 2 × 250 bp paired-end sequencing protocol was
performed according to the manufacturer’s instructions
(Illumina, San Diego, CA). Sequencing reads were deposited in
the National Center for Biotechnology Information Sequence
Read Archive (NCBI SRA) under the following project
number: PNRxxx.

Bioinformatics and Biostatistics
Statistical analysis was performed at the Department of
Pharmacy and Biotechnology and at the biostatistics laboratory
of the MPN Unit at the Institute of Hematology “L. and A.
Seràgnoli” , IRCCS Azienda Ospedaliero-Universitaria
di Bologna.

Raw sequences were processed using a pipeline that combines
PANDAseq (23) and QIIME 2 (24). After length (min/max =
350/500 bp) and quality filtering (default parameters), cleaned
reads were binned into amplicon sequence variants (ASVs) using
DADA2 (25, 26). Taxonomy was assigned through the
VSEARCH algorithm (27), using the Greengenes database as a
reference (release May 2013). All singleton ASVs were discarded.
Moreover, for EVs, ASVs were considered putative contaminants
and therefore removed when their mean relative abundance did
not exceed 20% of that in controls, similarly to what was
previously applied by Dash and colleagues (28). Alpha
diversity was evaluated using two different metrics: Shannon
and inverse Simpson (1/D). The Jaccard similarity index was
used to construct Principal Coordinates Analysis (PCoA) plots.

Statistical analyses were performed using R 3.6.1, using R
Studio 1.2.1335 and the packages vegan (29), made4 (30) and
stats (31). The significance of data separation in the PCoA was
tested by means of a permutation test with pseudo-F ratio
(function adonis of the vegan package). Wilcoxon rank-sum
test was used to assess significant differences between groups (for
intra- and inter-individual diversity as well as taxon relative
abundance), while Kruskal-Wallis test was used for multiple
comparisons. P values were corrected for multiple testing using
the Benjamini-Hochberg method, and a false discovery rate
(FDR) ≤0.05 was considered statistically significant.

As for the phenotype of EVs, statistical analysis was
performed with GraphPad (GraphPad Software Inc., La Jolla,
CA). The differences between the groups were analyzed with
Mann-Whitney, Chi-square or Spearman’s correlation tests, as
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appropriate. P values were considered significant when ≤0.05
(2-tailed).
RESULTS

Study Cohort
Thirty-eight PV patients (35 JAK2V617F and 3 JAK2Exon12-
mutated) were included into the study after a median time from
PVdiagnosis of 2.6 years (range, 0.1-13.6). At the time of enrollment,
all patients had received phlebotomies and antiplatelet therapy
(mainly low-dose aspirin); hydroxyurea was ongoing in 81.6% of
patients. No patients had received therapy with anagrelide, busulfan,
interferons or ruxolitinib. Peripheral blood/fecal samples were also
collected in 30 HD. Compared to PV patients, HD presented
significantly lower platelet/leukocytes/hematocrit levels and were
less frequently treated with low-dose aspirin (Table S1).

Characterization of PLT-EVs, MK-EVs,
and LPS-EVs
The profile of PLT-EVs and MK-EVs was assessed by flow
cytometry in the plasma of PV patients and HD (Figure S1A).
Plasma MK-EVs were significantly decreased in PV patients
(p<0.001; Figure 1A); by contrast, PLT-EVs were significantly
Frontiers in Oncology | www.frontiersin.org 469
increased (p<0.001; Figure 1B). Both in PV and HD, the
proportion of plasma MK-EVs and PLT-EVs was not
influenced by sex or age >60 years. No differences were also
observed between PV patients with/without previous thrombosis
or HU treated/untreated.

We also analyzed the phenotype, size, and morphology of the
isolated EVs. Interestingly, compared to HD, PV patients showed
increased proportion of the isolated LPS-associated EVs (p<0.05;
Figure 1C and Figure S1B). The tetraspanins (CD81, CD63 and
CD9) were highly expressed by the majority of the isolated EVs
from both patients and HD (Figures S2A–D). Consistent with
the circulating EVs data, the proportion of isolated MK-EVs and
PLT-EVs of PV patients was decreased and increased,
respectively, compared to those of HD (p<0.01; Figures S2E,
F). At variance with the concentration (Figure S3A), the isolated
EVs of PV patients were significantly smaller compared to those
of the HD counterpart (p<0.001; Figures S3B, C). Transmission
electron microscopy analysis showed round-shaped EVs in both
PV patients and HD (Figure S3D).

Characterization of EV-Associated
Microbial DNA
Isolated EVs were subjected to 16S rRNA gene-based NGS to
evaluate whether microbial DNA can be detected and whether its
A B

C

FIGURE 1 | Proportion of plasma MK- and PLT-EVs, and of isolated LPS-associated EVs in patients with PV and HD. (A, B) MK-EVs and PLT-EVs profile of PV
patients (n = 38) and HD (n = 30). Data are expressed as percentage of MK-EVs and PLT-EVs and presented as min to max with median (Mann-Whitney test; *p <
0.05; ***p < 0.001). (C) Proportion of isolated LPS-associated EVs of PV patients (n = 28) and HD (n = 20). Data are expressed as percentage and presented as min
to max with median (Mann-Whitney test; *p < 0.05).
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pattern may represent a PV-specific signature. A total of
1,799,864 sequence reads, with an average of 22,220 (± 5,974,
SD) reads per sample, were obtained and analyzed. According to
the inverse Simpson and Shannon indices, the EVs-associated
microbial diversity was higher in PV patients compared to HD
(p<0.001, Figure 2A). Principal Coordinates Analysis (PCoA)
based on Jaccard similarity between the genus-level profiles
showed separation between PV patients and HD (p=0.001;
Figure 2B). Interestingly, taxonomic comparisons revealed
numerous differences between the EVs-associated microbial DNA
Frontiers in Oncology | www.frontiersin.org 570
of PV patients and HD. PV patients were depleted in
Proteobacteria-related DNA while enriched in that of
Actinobacteria and Cyanobacteria, compared to HD (p<0.001;
p<0.01; Figure 2C). At the family level, the most discriminating
taxa (withmean relative abundance ≥1% in at least one of the study
groups) were Rhodobacteraceae (p<0.01), whose proportions were
greater in PV patients, and Caulobacteraceae (p<0.05) and
Bradyrhizobiaceae (p<0.001), which were underrepresented in PV
patients (Figure 2D). Genus-level data showed depletion of
Bradyrhizobium in PV patients (p<0.001; Figure 2E).
A B

D

E

C

FIGURE 2 | Microbial DNA cargo of isolated EVs in PV patients and HD. (A) Alpha diversity estimated according to inverse Simpson (top) and Shannon (bottom)
indices. PV patients show significantly higher biodiversity than HD (p < 0.001, Wilcoxon rank-sum test). (B) Principal Coordinates Analysis (PCoA) based on Jaccard
similarity between the genus-level profiles of EVs from PV patients and HD. Significant segregation between groups was found (p = 0.001, permutation test with
pseudo-F ratio). (C–E) Boxplots showing the relative abundance distribution of phyla, families and genera that were significantly differentially represented between HD
and PV patients (*p < 0.05; **p < 0.01; ***p < 0.001; Wilcoxon rank-sum test). Only bacterial taxa with mean relative abundance ≥1% in at least one of the
comparison groups are shown.
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Characterization of Fecal Microbiome
Fecal samples from PV patients and HD were also profiled by 16S
rRNAgene-basedNGS.A total of 2,296,462 sequence reads,with an
average of 33,772 (± 11,228, SD) reads per sample, were obtained
and analyzed. The comparison of the microbiome profiles at the
phylum, family and genus level did not reveal any significant
difference between PV patients and HD, demonstrating an overall
eubiotic intestinal microbial ecosystem in PV (Figures S4A, B).
DISCUSSION

Prior reports showed that serum microparticles originating from
platelets, erythrocytes, granulocytes, and endothelial cells of PV
patients are elevated compared with healthy controls (32). In
addition, it has been described that patients with MPNs that had
the JAK2V617F mutation had significantly higher plasma
concentrations of tissue factor–positive microparticles and
erythrocyte microparticles (33). Here we aimed to identify a
signature of PV by analyzing the phenotype and microbial DNA
cargo of circulating EVs.

First, we observed that PV is associatedwith an abnormal profile
of circulating EVs of megakaryocyte and platelet origin. Since EV
production by megakaryocytes is based on a constitutive
mechanism, but only activated platelets can produce CD62P+
EVs (34), our findings further confirm the aberrant
megakaryopoiesis and platelet activation, which have been
previously described in MPN, including PV patients (1, 35–37).
However, this pattern of circulating MK-/PLT-EVs in PV mirrors
the profile previously described for MF and ET patients (19),
suggesting that abnormal MK-/PLT-EV frequency is common in
MPNs, irrespective of disease and mutation status (35, 36).

Secondly, despite our analyses could not discriminate whether
EVs were of bacterial or human origin, we found that PV patients
had an increased proportion of LPS-associated EVs as compared to
HD. These findings suggest not only an increased intestinal
permeability in PV but also that, as a cargo of microbial factors
such as LPS, EVs could be instrumental for blood microbial
components/microbes to mediate their impact on the host
inflammatory state and the subsequent activation of the innate
immune responses (38). Therefore, we can speculate that in PV the
increased proportion of LPS-associated EVs might represent a
stimulus for the immune system by boosting key cells such as
monocytes/macrophages, dendritic andT cells, thereby stimulating
the release of inflammatory/fibrogenic cytokines and contributing
to the maintenance of chronic inflammation. However, further
investigations are necessary to explore this suggestion.

Finally, PV was associated with a microbial DNA signature of
isolated EVs with higher diversity and distinct microbial
composition than the healthy counterparts, including greater
amounts of Rhodobacteraceae DNA and reduced proportions of
DNA related to Caulobacteraceae and Bradyrhizobium. These
microorganisms are well known components of soil and aqueous
microbiomes and possibly represent a proxy of the personal
microbiome exposome, defined as the peculiar pattern of
environmental microorganisms we are exposed to.
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Ofnote, it should be underlined that, though in our cohortmost
PVpatientswere under treatment at the timeof the study and fewof
them were out of treatment, we were able to demonstrate an
abnormal microbial DNA layout when circulating EVs were
analyzed. At variance, no significant differences were observed
between patients and controls when the gut microbiome was
investigated, suggesting that circulating EVs in PV, irrespective of
cytotoxic therapy, are biomarker of the disease.

In conclusion, PV is associated with circulating EVs
harboring abnormal phenotype and dysbiosis signature with a
potential role in the (inflammatory) pathogenesis of the disease.
Even though further studies, possibly integrating other-omics
approaches on a larger cohort, are warranted to validate our
findings and delve into taxonomic, these data might be also of
interest in the development of novel personalized therapeutic
approaches targeting the microenvironment of PV.
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Chronic myelomonocytic leukemia (CMML) is a rare clonal haematological malignancy
bearing characteristics of both myelodysplastic syndromes and myeloproliferative
neoplasms. It primarily affects older people (median age at diagnosis ~72 years). There
are many challenges encountered in its treatment. One striking issue is the lack of strong
clinical evidence from large randomized clinical trials for treating this disease. Another
issue is that patients with CMML have highly variable outcomes with current treatments.
Additional challenges include a wider application of current knowledge, an improved
understanding of pathogenesis, development of new therapies, and management of
refractory cases/disease progression. It is clear that there is still progress to be made.
Here, we review the available first-line treatment options for advanced CMML. Emphasis
has been placed on choosing between hypomethylating agents and cytotoxic treatments,
on the basis on disease-specific and patient-specific characteristics. A proper selection
between these two treatments could lead to a better quality of care for patients
with CMML.

Keywords: first-line treatment, hypomethylating agents, azacitidine (5-AzaC), decitabine (DAC), cytotoxic (or anti-
neoplastic) chemotherapeutic agents, hydroxyurea (hu), chronic myelomonocytic leukemia (CMML),
myelodysplastic/myeloproliferative neoplasms (MDS/MPN)
INTRODUCTION

Chronic myelomonocytic leukemia (CMML) is a mixed myelodysplastic/myeloproliferative
disorder with symptoms that encompass anemia, thrombocytopenia, and splenomegaly (1).
CMML has undergone several revisions in its classification reflecting the complexity of the
disease. It is subdivided, on the basis of a white-cell count (WBC) of 13×109/L, into dysplastic
(MD) and proliferative (MP) variants (2). Outcomes of patients with MP CMML are worse than
that of patients with MD CMML. The outcome is also related to the percentage of blasts in the bone
marrow (BM). This value is an important part of the diagnosis and is used for a second subdivision
into CMML-1 (blasts <5% in blood and <10% in BM) and CMML-2 (blasts 5-19% in blood and/or
10-19% in BM) (2).
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Once diagnosed, the prime consideration is determining
whether the patient needs treatment, followed by deciding the
appropriate treatment. Ideally, standard management
recommendations should be supported by prospective data
from randomized controlled trials (RCTs). In reality, however,
patients with CMML are often excluded from clinical trials (3).
Thus, a major issue is the lack of strong clinical evidence from
RCTs for treating CMML (4). The management of CMML,
therefore, has evolved without high-quality, data-driven
evidence regarding the relative benefit of different treatments.

Another issue to consider is that the outcome of treatment
can be highly variable between patients, leading to divergent
outcomes in different individuals (1, 4). Such variability among
patients is multifactorial. Several prognostic scoring systems
have been developed in recent years and the biological factors
underlying this variability have been investigated (5–9). For
example, the CMML-specific Prognostic Scoring System
(CPSS) uses four variables (FAB and WHO CMML subtypes;
erythrocyte transfusion dependence; and cytogenetic findings) to
classify patents into four risk groups (low; intermediate-1;
intermediate-2; and high risk) (5). Without doubt, molecular
biology has changed the way we manage patients with acute
myeloid leukemia (AML) and other myeloid malignancies (10–
12), but in the case of CMML, full implementation of clinical
genomics still has a long way to go and the molecular discoveries
have not yet been translated into changes in clinical practice. The
clinician who consults patients with CMML is faced with the
problem of therapeutic uncertainty and biologic variation.
WHEN TO INITIATE TREATMENT
IN CMML

Not all patients need to be treated immediately. Asymptomatic
patients without cytopenia or signs of myeloproliferation (e.g.
palpable splenomegaly), as well as those without excess blasts
(<2% blasts in peripheral-blood and <5% in BM), have a
relatively stable and more indolent course and a lower
probability of transformation to AML. According to the
CMML treatment guidelines (published by the European
Hematology Association and the European LeukemiaNet),
these patients may be observed without treatment until
evidence of disease progression or clinical symptoms develop
(13). This is a desired approach to avoid treatment complications
and the concomitant deterioration in the quality of life (QOL) in
patients with asymptomatic, lower-risk CMML. However, this
approach is also rooted in the principle that most treatment in
CMML is largely directed towards symptom management.

Therapy should be started when CMML is symptomatic or
progressive (13). More particularly, treatment is initiated for
hemoglobin <10 g/dL, BM blasts >5%, platelets <100×109/L,
progressive leukocytosis (>30×109/L), extramedullary
involvement (skin lesions, pleural/pericardial effusions,
lymphadenopathy), constitutional symptoms (weight loss,
fever), and symptomatic splenomegaly or splenomegaly that is
palpable ≥5 cm below the left costal margin (4). The key to
Frontiers in Oncology | www.frontiersin.org 275
improving the care of patients with higher risk CMML lies in
providing effective therapeutic options that modify the disease
course. Their management has two main objectives: to provide
effective long-term disease control while maintaining patient’s
QOL, and to prevent clonal evolution and transition to AML.
USE OF HYPOMETHYLATING
AGENTS IN CMML

The hypomethylating agents (HMAs) 5-azacitidine (AZA) and
decitabine (DEC) induce hypomethylation by inhibiting DNA
methyltransferase and are widely used in patients with
myelodysplastic syndromes (MDS) and AML (14, 15).
Although AZA has been approved in the USA for all patients
with CMML since 2004 and DEC since 2006, the EU did not
approve DEC and restricted the licence of AZA to patients with
dysplastic CMML-2 in 2008 (16). Therefore, many patients with
CMML in Europe do not receive treatment with HMAs and,
when they do, it is often through off-label prescribing.
Nonetheless, a growing body of evidence shows that HMAs
may play an important role in the treatment of MP CMML
(Table 1) (17–25). HMAs can effectively reduce leukocytosis,
improve splenomegaly and extramedullary lesions. Subari and
colleagues found that HMAs reduced the palpable spleen size to
50% of the baseline measurement in 45% of their patients (26).
For such treatment, the overall response rate (ORR) is ~50% (30-
60%) and complete response (CR) rate ~17% (10-20%). Most
patients achieve a response after 3 cycles of treatment and
median overall survival (OS) is ~29 months (12-37 months) (4,
13). Given that considerable time may be required for response,
hydroxyurea (1g/day) may be used in patients with proliferative
features during the first 3 cycles, until response is attained.

The recent publication of the results of a large multicenter
trial showed that patients with higher risk disease i.e. MP
CMML, blasts ≥10%, and higher risk CMML according to the
CPSS, have significantly better outcomes with HMAs compared
with hydroxyurea or chemotherapy, whereas patients with
lower-risk disease i.e. MD CMML with <10% blasts and lower
risk CPSS, do not benefit from HMA treatment (27). Although
this study provides the only direct, real-life comparison of HMAs
with other available treatments, its retrospective and multicenter
nature raises concerns about the presence of treatment-selection
bias that cannot be overcome with Cox’s models. Also, it should
be noted that the vast majority of the patients (>80%) were
treated with AZA and less than 1% of patients underwent
allogeneic hematopoietic-cell transplantation (HCT).
Nevertheless, the study provides data that could help clinicians
to address real-world questions about care options in CMML.

It is important to note that responses to HMAs are generally
not durable, do not reduce mutant allele burdens, and prognosis
after loss of response is dismal (median OS ~6 months) (28–30).
Half the patients with primary or secondary HMA failure
transform to AML (31). However, it is equally important to
point out the major impact of CR on OS — that is, patients with
CMML who achieve CR after HMA treatment have markedly
enhanced remission duration and prolonged OS (32).
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WHICH PATIENTS ARE LIKELY TO
RESPOND TO HYPOMETHYLATING
AGENTS?
The ability to identify individuals who are unlikely to receive
therapeutic benefit could facilitate a personalized approach to
treatment selection and inform transplant strategies. Although
clinical factors are inadequate for predicting responses to HMAs
in individual patients, new molecular techniques have identified
certain mutational profiles as potential biomarkers, but with
conflicting results. In a retrospective series of 174 patients with
CMML, patients with TET2 mutations without ASXL1 mutation
Frontiers in Oncology | www.frontiersin.org 376
(~25% of patients) had the highest ORR (66% versus 47% for all
other genotypes) and CR rate (32% versus 11% for all other
genotypes) to HMA treatment. Mutations in ASXL1, RUNX1 and
CBL were associated with low ORR and poor OS (33). By
contrast, the study by Costa and co-workers indicated that
ASXL1 and TET2 mutations did not predict response to AZA
(17). Clearly, such questions can be answered only by means of
dedicated, large-scale cohort studies. Several methodological
barriers must be overcome to safely use mutational profiles as
predictive biomarkers, as has been recently shown during the
development of the new Molecular International Prognostic
Scoring System (IPSS-M) for MDS (34). The identification of
TABLE 1 | Phase II studies of hypomethylating agents in chronic myelomonocytic leukemia.

Study Number of
patients

Regimen Response
rate

Median sur-
vival (months)

Progression to AML Reference

Costa et al. 38 Azacitidine 75 mg/m2/day for 7 days or 100 mg/m2/day for 5 days
every 4 weeks

ORR: 39%
CR: 11%
PR: 3%
HI: 25%

12 NR (17)

Adès et al. 76 Azacitidine 75 mg/m2 for 5-7 days every 28 days ORR: 43%
CR: 17%
PR: 1%
Marrow
CR: 8%
HI: 17%

29 31% after 1.2 years from
azacitidine initiation

(18)

Wong et al. 11 Azacitidine 75 mg/m2 for 7 days every 28 days ORR: 55%
CR: 9%
Marrow
CR: 27%
PR: 9%
HI: 9%

17 18% (19)

Fianchi
et al.

31 Azacitidine 50-75 mg/m2 for 7 days in 22 patients, and 100 mg flat
dose for 5-7 days in 9 patients

ORR: 54%
CR: 45%
PR: 3%
HI: 6%

37 16% after 12.7 months (20)

Drummond
et al.

32 Azacitidine 75 mg/m2 for 7 days, every 28 days ORR: 17%
CR: 7%
Marrow
CR: 7%
PR: 0%
HI:3%

16 33% after 13
months

(21)

Tantravahi
et al.

11 Azacitidine 75 mg/m2 for 7 days, every 28 days ORR: 45%
CR: 27%
Marrow
CR: 18%
SD: 36%
PD: 9%

30 18% at 2 years (22)

Wijermans
et al.

31 Decitabine 15 mg/m2 3 times per day on 3 consecutive days, with a
total dose of 135 mg/m2 per course, every 6 weeks

ORR: 35%
CR: 10%
PR: 16%
HI: 19%

15 NR (23)

Braun et al. 39 Decitabine 20 mg/m2 for 5 days every 28 days ORR: 38%
CR: 10%
PR: 20%
HI: 8%

18 NR (24)

Santini
et al.

43 Decitabine 20 mg/m2 for 5 days, every 28 days ORR:
47.6%
CR: 16%
Marrow
CR: 19%
PR: 2.4%
HI: 9.5%

17 57.5% after 51.5 months (25)
Decemb
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ORR, overall response rate; CR, complete remission; PR, partial remission; HI, hematologic improvement; SD, stable disease; PD, progressive disease; NR, not reported.
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predictors to HMA resistance is the topic of intense research, but
it must be emphasized that, in the present context, no established
biomarker exists for prediction of response to HMA treatment.
CYTOTOXIC CHEMOTHERAPY
FOR CMML

Treatment should be tailored to the biology of the disease and
CMML is known to be relatively resistant to cytotoxic drugs (13).
Treatment regimens similar to those used to treat newly-
diagnosed AML have been used in CMML. Intensive
combinations of anthracycline–cytarabine, cytarabine–topotecan,
or regimens including clofarabine have moderate efficacy in
CMML (13, 35–37). Overall, the results of such treatments have
been disappointing with a remission rate of 40%, short remission
duration, and relapse rate of 90%. With the advent of HMAs,
AML-type chemotherapy is used less frequently in CMML. Yet CR
rates with the use of HMAs are lower (~17%) than rates achieved
with induction chemotherapy (~40%). Despite major
improvements in supportive care, there is a substantial risk of
early death (up to 25%) and the potential for serious harm in older
patients (>65 years) after induction chemotherapy, which means
that the risks and benefits of treatment must be weighed carefully
when formulating a treatment plan. All considered, chemotherapy
remains an option for patients aged <65-70 years with minimal
impairment of function who have advanced-stage or rapidly
evolving disease with ≥10% BM blasts (i.e. CMML-2). The
rationale behind the use of cytotoxic chemotherapy is to reduce
BM blasts and aim for CR before HCT. Cytotoxic chemotherapy
may also be considered for CMML with NPM1 mutation. In
particular, cases with a high NPM1 mutational burden are
associated with a higher probability of rapid transition to AML
(at a median of 5 months) with myelomonocytic (M4) or
monocytic (M5) differentiation and a poorer outcome, even
when treated with chemotherapy (38, 39). NPM1 mutations are
uncommon in CMML occurring in <5% of cases and, if found, the
alternative diagnosis of AML-M4/M5 with mutated NPM1 should
always be borne in mind (2). In contrast, the presence of FLT3-
ITD (also occurring in <5% of cases) does not necessarily herald
the onset of AML transformation (13).
ALLOGENEIC HEMATOPOIETIC-CELL
TRANSPLANTATION

This approach remains the only curative treatment of higher-risk
CMML. However, it can generally be offered only to a few
patients with CMML—younger patients may be offered
myeloablative HCT and older patients can be offered reduced-
intensity HCT from an HLA-identical donor. The conventional
upper age limit for HCT is around 70 years.

Several studies have retrospectively analyzed the results of
allogeneic HCT in CMML. It emerges that, at the moment,
outcomes of HCT in CMML are worse than in MDS: the
response rates in CMML have ranged from 17% to 50%, and
Frontiers in Oncology | www.frontiersin.org 477
treatment-related mortality (TRM) rates have ranged from 12% to
52% (40–44). The largest study of HCT to date including 513
patients found a relapse rate of 32%, non-relapse mortality (NRM)
41%, disease-free survival 27%, and OS 33% at 4 years. Disease
status was the main risk factor for TRM, and the achievement of
CR pre-transplant was the only predictor of survival (45).

Since the achievement of CR prior to HCT is the most
important prognostic factor for a favorable outcome (45), the
members of an expert panel have recommended treatment before
HCT, particularly in cases with BM blasts ≥10% and/or
intermediate-2 or high risk CPSS (46). In view of the lack of
evidence from RCTs, the best treatment for reducing tumor
burden before HCT remains a controversial issue (13, 47, 48).
AZA may allow for similar outcomes after HCT as compared
with induction chemotherapy (49, 50). However, the CR rate with
chemotherapy is higher than HMAs (excluding patients with
TET2+/ASXL1- mutations), suggesting that chemotherapy may
be suitable in selected, younger patients with high blast count.
Transplantation should preferably be performed early after
diagnosis and after establishing the best possible response.
CYTOREDUCTION WITH HYDROXYUREA

Single-agent, low-dose chemotherapy (e.g low-dose cytarabine,
etoposide, 6-mercaptopurine) gives poor results in CMML (51–
54). However, hydroxyurea remains an important component of
CMML treatment despite its lack of disease-modifying activity.
Since the classic study by Wattel and co-workers in 1996 (54),
hydroxyurea is used for the control of leukocytosis, organomegaly,
visceral involvement and hypercatabolic symptoms associated with
advanced-stage, MP CMML. In this study, advanced-stage CMML
was defined as presence of either extramedullary disease, excluding
enlargement of the spleen and liver, or ≥2 of the following criteria:
BM blasts >5%, neutrophils >16×109/L, hemoglobin <10 g/dL,
platelets <100×109/L, and splenomegaly >5 cm below costal
margin. The usual dose is 1 g/day (doubled in case of visceral
involvement), escalated up to 3 g/day in the absence of response
after 2 weeks of treatment, and adjusted to maintain WBC 4-
10×109/L (54). Hydroxyurea yields only partial responses, has low
efficacy on visceral involvement, may lead to worsening of anemia,
and survival is generally poor (median OS ~24 months) (54).
Prognostic factors for lower response rates and poor OS include
unfavorable karyotype (monosomy 7 or complex) and low
hemoglobin level (54). In a small, retrospective series of patients
withMPCMML, previous hydroxyurea exposure appeared to have
a modest negative impact on the response rate to HMA treatment
(55), but this finding requires prospective confirmation.
DACOTA TRIAL: A SIMPLE, PHASE 3 RCT
WITH COMPLEX QUESTIONS

The DACOTA trial, a multicenter prospective phase 3 RCT of
DEC versus hydroxyurea, included 170 patients with advanced-
stage, MP CMML between October 2014 and September 2019
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(84 in the DEC group; 86 in the hydroxyurea group). The data
presented at ASH showed that although DEC was associated with
a higher ORR as compared with hydroxyurea (56% versus 30%),
no significant differences between the two groups were noted with
respect to OS and event-free survival (EFS) (56). Why, then,
patients that have a higher response rate with DEC do not have a
superior OS or EFS? One reason might be that one third of
patients with hydroxyurea subsequently received HMAs after
exiting the study because of disease progression. Another
possibility is that the benefit of DEC may be confined to a
subset of patients with MP CMML―e.g., patients without
ASXL1 mutations and/or patients with higher risk CPSS. Or,
perhaps more likely, the better disease control achieved with
DEC was offset by more frequent complications and treatment
delays. If so, relying on supportive care with prophylactic
antimicrobial agents could be a wise decision in these cases. To
put the study in perspective, the main conclusion is that, although
hydroxyurea remains a valid option, HMAs, given their higher
response rate, have the potential to serve as a bridge to allogeneic
HCT in patients with advanced-stage, MP CMML.
CONCLUSION

First-Line Treatment in Patients With
CMML: Hypomethylating Agents or
Cytotoxic Treatment?
Although our understanding of the pathophysiology of
CMML has improved remarkably, its treatment remains an
unmet clinical need. At present, HCT is the only treatment
that can induce long-term remission in CMML. Such therapy,
however, is not applicable for most patients, since the median
age at diagnosis is 72 years (1). Many patients have
comorbidities and impaired functional status, which can
lead to poor post-transplantation outcomes. In addition, the
substantial risks of death and complications associated with
this procedure may not justify its use in patients at lower risk.
We consider HCT a treatment option for younger and fitter
patients who have a poor prognosis or severe symptoms.
Improving the efficacy and safety of HCT would allow many
more patients to be cured.

Regardless of whether HCT is scheduled, AZA is our
preferred treatment option to reduce the leukemic burden and
overcome transfusion dependence in patients who need
treatment, including patients with MP CMML. Yet we may
consider induction chemotherapy for younger patients with
adequate organ function and performance status who have
advanced-stage or rapidly evolving disease with ≥10% BM
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blasts. Although not approved by the EU, AZA has been
widely used for MP CMML for the past 10-15 years. It appears
that HMAs have a disease-modifying activity in CMML, but, as is
the case of MDS and AML, their effect is temporary and
combinations with novel agents targeting different pathways is
urgently needed in order to enhance remission duration and
prolong OS (57). Current efforts in clinical research focus on the
discovery of HMA combination therapies that are intended to
provide an improvement in efficacy over HMAmonotherapy. An
important new drug in combination with HMA is venetoclax, a
highly-selective, potent, oral BCL-2 inhibitor. Ongoing clinical
trials are evaluating the combination of AZA with venetoclax in
higher risk CMML (NCT04160052, NCT03404193). However, a
recent study showed that leukemic monocytic cells often develop
resistance to venetoclax due to biological properties intrinsic to
monocytic differentiation, as they can shift antiapoptotic
proteins from BCL-2 to MCL-1, promoting cell survival (58).
Additionally, RAS pathway mutations, found in ~11% at
diagnosis (4) but ~35% at progression/relapse (59), may confer
resistance to venetoclax (57, 60). The combination of HMAs with
other new molecular-targeting agents and monoclonal
antibodies is also under investigation in higher-risk CMML (57).

In appropriate circumstances, cytoreduction with
hydroxyurea still has a role in the care of patients with CMML.
The decision for such treatment should be based on the patient’s
age, symptoms, comorbidity, and disease status. In our
experience, hydroxyurea should be the choice for older patients
with advanced-stage, MP CMML without severe anemia,
thrombocytopenia, excess marrow blasts, unfavorable
cytogenetics, or higher-risk CPSS. The presence of NPM1
mutation (~5% of patients) calls for reconsideration of the
diagnosis of CMML, as AML-M4 can masquerade initially as
CMML, and intensive chemotherapy could be used in younger,
fitter patients or combination treatment with azacitidine plus
venetoclax in older individuals (13, 60).

In approaching first-line treatment in patients with CMML,
we might ask another, broader and more unsettling question:
how to balance clinical practice between what is known, not
known, and uncertain in our knowledge.
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Chronic neutrophilic leukemia (CNL) represents a rare disease, that has been classified
among the BCR/ABL-negative myeloproliferative neoplasms. The disease is
characterized by marked leukocytosis with absolute neutrophilia and its clinical
presentation may vary from asymptomatic to highly symptomatic with massive
splenomegaly and constitutional symptoms. CNL prognosis remains relatively poor, as
most patients succumb to disease complications or transform to acute myeloid leukemia.
Recent studies have demonstrated that CSF3R mutations drive the disease, albeit the
presence of other secondary mutations perplex the genetic landscape of the disease.
Notably, the presence of CSF3R mutations has been adopted as a criterion for diagnosis
of CNL. Despite the vigorous research, the management of the disease remains
suboptimal. Allogeneic stem cell transplantation represents the only treatment that
could lead to cure; however, it is accompanied by high rates of treatment-related
mortality. Recently, ruxolitinib has shown significant responses in patients with CNL;
however, emergence of resistance might perturbate long-term management of the
disease. The aim of this review is to summarize the clinical course and laboratory
findings of CNL, highlight its pathogenesis and complex genetic landscape, and
provide the context for the appropriate management of patients with CNL.

Keywords: chronic neutrophilic leukemia, myeloproliferative neoplasm, CSF3R, ruxolitinib, allogeneic HSCT
INTRODUCTION

Chronic neutrophilic leukemia (CNL) is a rare disease, with an annual incidence of about 1 new case
per million people, a median age at diagnosis of about 65 years and a slight male preponderance.
The disease was initially described in 1920 by Tuohy who reported the case of a 58-year-old female
patient with persistent polymorphonuclear hyperleukocytosis and massive splenomegaly, who
subsequently succumbed to the disease (1). Due to the rarity of the disease and the absence of clear
diagnostic criteria, some early described cases are ill-defined; however, an additional well-
documented case from France was published in 1932 (2), followed by a paucity of publications
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for almost 25 years, until the report of a case describing the
disease as a myeloproliferative neoplasm (MPN) (3). After the
identification of Philadelphia chromosome as a hallmark of
chronic myelogenous leukemia (CML), Tanzer et al. were the
first to report a patient without Philadelphia chromosome or
increased marrow fibrosis but high Leucocyte- or Neutrophil-
Alkaline Phosphatase (LAP or NAP) score. Notably, they used
the term “Chronic Neutrophilic Leukemia” to describe the
disease (4). Additional case reports or small series of patients
were published thereafter that have delineated this syndrome,
although in some of them the authors have described the disease
as a variant of CML (5–12).

CNL is a clonal hematopoietic stem cell disorder, and this has
been documented early, as soon as clonality assays with X-linked
restriction fragment length polymorphisms (RFLP) and/or X-
inactivation patterns were applied (13, 14). The clonal nature of
the disease is also evident by the detection of cytogenetic
abnormalities (15–17), although in most cases, patients with
CNL have a normal karyotype. From the epidemiological aspect
of view the precise etiology of the disease remains unknown and
there is only one report, associating CNL with a previous
exposure to thorotrast, in a patient who, eventually evolved to
acute myeloid leukemia (AML) (18). Moreover, when applying
strict molecular criteria for disease characterization, it appears
that the median age at diagnosis might be younger (19). Recently,
mutations of the CSF3R gene have been shown to constitute the
driver genetic event for the manifestation of this disease (20),
which according to the latest version of the WHO classification
of Hematopoietic Neoplasms, is classified as a chronic
myeloproliferative neoplasm (21) However, there has been a
vigorous debate whether CNL should be classified instead among
the myelodysplastic syndromes (MDS) or the overlap
myelodysplastic/myeloproliferative (MDS/MPN) neoplasms,
similarly to chronic myelomonocytic leukemia (CMML), as it
might share several clinical, hematological and cytogenetic
features, reminiscent of MDS or MDS/MPN. Recently, criteria
for the precise diagnosis of this disease have been proposed by
the latest revision of the WHO classification, although some
variation in clinical parameters might exist.
CLINICAL MANIFESTATIONS

CNL has substantial clinical and prognostic heterogeneity, which
might correspond to thedifferentdrivermutationsof theCSF3Rgene.
Most patients may go through an asymptomatic or minimally
symptomatic period, characterized only by neutrophilic
leukocytosis, with or without mild splenomegaly, lasting for several
months or even years, before evolving to symptomatic disease. In
manycases thediseasemaybediscovered incidentally asunexplained
persistent neutrophilia, after excluding any other potential causes as
infections or inflammatory and neoplastic disorders, which
occasionally can induce extreme hyperleukocytosis (22, 23). Less
commonly, patients may complain for fatigue and restlessness,
weight loss, night sweats, pruritus, and mild bone pain or may
exhibit various hemorrhagic manifestations and recurrent episodes
Frontiers in Oncology | www.frontiersin.org 282
of gout (24). Fever is usually absent or minimal but persistent low-
grade fever may be a prominent feature of advanced disease.

Bleeding diathesis, occasionally unrelated or disproportional to
the degree of thrombocytopenia or splenomegaly/hypersplenism, is
also a prominent feature of CNL, potentially reflecting platelet
qualitative abnormalities (5, 7, 25, 26). Severe hemorrhagic
manifestations, including recurrent episodes of epistaxis, blood
oozing from the site of bone marrow aspiration, gastrointestinal
tract hemorrhages and even intracranial hemorrhages have been
reported throughout the disease course and may represent a
common cause of death in these patients (5, 25, 26). One study of
three patients with CNL, demonstrated prolonged bleeding time
and abnormal platelet aggregation response to collagen,
epinephrine and ADP, whereas in one patient, platelet
adhesiveness and adenine content were found decreased (27).
Moreover, abnormalities of the vascular compartment might
contribute to the hemorrhagic manifestations. There have been
several reports of cutaneous leucocytoclastic vasculitis or acute
febrile neutrophilic dermatosis (Sweet’s syndrome), occurring in
patientswithCNL.Therefore, various typesof erythematous and/or
hemorrhagic skin lesions, occasionally affecting palms and soles,
represent a commonmanifestationofCNL. In someof these cases it
is unclear whether the described skin lesions represent an allergic
reaction, vasculitis or frank skin infiltration by the leukemic
neutrophils, but whatever might be the case, severity of skin
lesions runs in parallel with disease activity and severity (28–32).

Despite leukocytosis/neutrophilia patients with CNL are
prone to develop severe, life-threatening or even fatal
infections from both, common and opportunistic pathogens,
such as mycobacteria and various fungi. This could be explained
by the defective function of neutrophils as described in the
following section. Patients may present with a severe infection,
sometimes inducing septic shock (33, 34) or infections may
occur frequently, during the course of the disease, and
ultimately, they may represent one of the main causes of death
(35, 36). It is therefore, noteworthy that in such cases, suspicion
for the diagnosis of CNL may be obscured by the concurrent
presence of a severe infection and neutrophilic leukocytosis often
marked, which might be attributed to the infection.

Hepato-splenomegaly is commonly present. Splenomegaly is
found in about 40% of the patients at the time of initial diagnosis
and in the majority of them is mild to moderate; however, as
disease slightly and steadily progresses, splenomegaly may
become severe in almost all patients (10–12). Several cases of
massive splenomegaly have been described, rarely requiring
palliative splenectomy. When disease is rapidly evolving and
white blood cells (WBC) are fast increasing, splenomegaly might
become painful. Hepatomegaly is less common and less
prominent, whereas lymphadenopathy has occasionally been
reported but it is unusual. In some cases, lymph node biopsy
has clearly revealed neutrophilic infiltration (37), whereas in
some autopsy studies, infiltration by immature neutrophils and
by other hematopoietic cells were identified in retroperitoneal
lymph nodes, spleen, liver and the kidneys, a finding supporting
the proliferative nature of the disease (37, 38). Although, vein
thrombotic episodes in association with CNL have been rarely
April 2022 | Volume 12 | Article 891961
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reported (39, 40), a recent description of the clinical course of the
disease in 19 patients, reported a history of thrombosis in about
half of the patients (41).
LABORATORY FINDINGS

The peripheral blood smear is characterized by persistent mature
neutrophilic leukocytosis, with about 80-95% of the enumerating
cells being neutrophils or bands. Left shift is absent orminimal and
only occasionalmyelocytes-metamyelocytes are observed. Notably,
CNL is characterizedby the absenceofmonocytosis, eosinophilia or
basophilia. In some cases, leukocytosis/neutrophilia might be
severe, exceeding 100 x 109/L and reaching up to 500 x 109/L.
Neutrophils appear morphologically normal by both, light and
electronmicroscopy and in the majority of cases contain abundant
primary and secondary granules (8). Presence of Döhle bodies and
neutrophil inclusions have been reported rarely; however,
dysgranulopoiesis is not consistent with the diagnosis of CNL
(21). Notably, reported cases of CNL presenting with dysplastic
morphological features, particularly in more advanced or long-
standing cases, including abnormal chromatin clumping, poor
granulation, cytoplasmic vacuolation, microtubular inclusions
(42), ringed-shape nuclei (42, 43), are now considered to
represent cases of atypical CML rather than genuine CNL cases

Neutrophils and granulocytes of patients with CNL usually
have an activated phenotype, but they might also exhibit several
functional abnormalities and are less viable in stress conditions.
The enzymatic equipment of neutrophils is normal, as this can be
revealed by the appropriate cytochemical stains. Myeloperoxidase
is strongly positive as is also LAP, whose elevated score has been
used to distinguish this disease from BCR/ABL positive CML, in
which LAP is very low to completely absent (6, 7, 11, 12). Some
studies have reported reduced lysozyme and b-glycuronidase
content in the neutrophils (8, 37) but these enzymes are highly
released from clonal neutrophils, following stimulation.
Neutrophil motility, deformability and chemotaxis have been
found abnormal and the respiratory burst is usually impaired,
with reduced superoxide anion production in response to various
stimuli, as well as decreased cytosolic C kinase activity (44, 45).
Other studies have demonstrated normal phagocytosis and
bactericidal activity and normal nitroblue tetrazolium reduction
assays suggesting that these neutrophils are found in an
abnormally activated status (46). Bactericidal activity, however,
has also been reported to be decreased and the same patients
exhibited decreased granulocytic clonogenic activity from both,
peripheral blood and bone marrow, compared to normal subjects
(47). In one study, several functional neutrophils tests were found
normal, however neutrophils of CNL patients produced
significantly lower amounts of leukotriene B4 (48). In another
multifunctional study the authors found reduced serum G-CSF
and GM-CSF levels and inadequate in vitro neutrophil
stimulation, induced by these cytokines. They also demonstrated
impaired STAT3 and MAP kinase downstream signal, despite the
intact expression of both G-CSF- and GM-CSF receptor and they
Frontiers in Oncology | www.frontiersin.org 383
suggest a potential dysregulation of the intracellular part of the
receptor(s), although they were unable to show any mutation of
this domain (49).

Mild to moderate anemia might be present, in most cases
normochromic-normocytic sharing the features of the anemia of
chronic diseases (12), whereas cases with macrocytic anemia have
also been reported, despite the very high serum B12 levels, reflecting
underlying dyserythropoiesis, as shown by the report of impaired
erythroblastic colony formation in patients with CNL (7).

Platelet count may be normal, reduced or less commonly,
increased. Morphologically, platelets may appear normal, but
giant platelets and platelets with poor granulation, reminiscent of
storage pool disorders have been observed (11, 12). Deteriorating
thrombocytopenia might be a feature of disease transformation
towards AML. Rarely, nucleated red blood cells can also be
identified. In a recent short report, numerous ringed sideroblasts
were found in the marrow of a patient with CNL (50).

Bone marrow findings are more reminiscent of a
myeloproliferative neoplasm, with almost 100% cellularity and
fat disappearance, extreme granulocytic hyperplasia without
maturation arrest and absence of monocytosis, monocyte
precursors and basophilia (11, 12). The myeloid/erythroid ratio
is usually higher than 10, but blast cells are not increased, unless
the disease has entered an accelerated phase and evolves towards
AML (51). Megakaryocytic hyperplasia is also common, and in
most cases megakaryocytes appear morphologically normal and
mainly mature and hyper-lobulated, i.e. with higher ploidy as
compared to MDS or typical BCR/ABL-positive CML (27);
however, megakaryocyte dysplasia is absent or minimal.
Moreover, minimal fibrosis might be present in the bone
marrow of patients with CNL but should not exceed a grade of
1+ (21). As a result of increased cellular turnover, pseudo-
Gaucher cells may be found in the marrow (52).

The main findings of patients’ biochemical profile consist of
elevated serum LDH and uric acid levels, reflecting the increased
hematopoietic cell turnover. Serum B12 and transcobalamin-I
and -III, that are released in circulation by the mature cells of
granulopoietic lineage, are usually elevated. Serum alkaline
phosphatase and g-glutamyl-transpeptidase might also be
found increased, reflecting liver infiltration by hematopoietic
cells. Markers of acute phase reaction are usually normal at the
time of initial diagnosis but may become abnormal in advanced
stages, associated with marked leukocytosis or in cases of disease
progression. Serum G-CSF levels are not routinely estimated, but
if performed, they are found suppressed. In milder cases of CNL
differential diagnosis should exclude a leukemoid reaction
attributed to various underlying diseases and conditions, and
other types of myeloproliferative disorders. A practical
diagnostic approach together with the diagnostic criteria of
CNL are shown in Table 1.
DIFFERENTIAL DIAGNOSIS

In order to establish the diagnosis of CNL, other cases of reactive
leukocytosis should be excluded. Occasionally CNL has been
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reported to coexist with lymphoid neoplasms (53), but the most
striking association has been with various plasma cell dyscrasias,
such as monoclonal gammopathy of undetermined significance
(MGUS) (39, 54–58), and mainly multiple myeloma. There have
been several cases of patients reported to have concurrently or
consecutively, these two, apparently different hematological
dyscrasias (28, 59–71). However, most of these cases represent a
neutrophilic leukemoid reaction, potentially mediated by
cytokines produced by the clonal plasma cells. Notably, these
cases cannot fulfill the diagnostic criteria for CNL (72).
Nonetheless, in the presence of a plasma cell dyscrasia, clonality
must be demonstrated by cytogenetic or molecular in order to
establish the diagnosis of CNL the diagnosis of CNL (21).

As per the 2016 WHO classification, other MPN and MDS/
MPN should also be excluded. Classical MPN, namely
polycythemia vera, essential thrombocytosis, and primary
myelofibrosis can be easily excluded by the absence of the
characteristic morphological and molecular features of the latter.
Similarly, the absence of BCR/ABL fusion gene invariably precludes
the diagnosis of CML. Regarding chronic myelomonocytic
leukemia, presence of persistent absolute monocytosis and
dysplastic features distinguish this entity from CNL (21).
Undoubtedly, the most challenging aspect in differential diagnosis
is to distinguish CNL from atypical chronic myeloid leukemia
(aCML). Presence of prominent dysplasia in >10% of cells, as well
as, a more prominent immature granulocytosis favor the diagnosis
of aCML. Notably, presence of CSF3Rmutations cannot be used for
differential diagnosis between aCML and CNL, as there have been
several cases of aCML harboring CSF3R mutations (73).
Frontiers in Oncology | www.frontiersin.org 484
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Gene Mutations
CSF3R
The granulocyte colony stimulating factor (G-CSF), a cytokine
primarily produced by endothelial cells, fibroblasts and
macrophages, is the major regulator of both basal and emergency
granulopoiesis. G-CSF is crucial for commitment of myeloid cells
towards granulocytic differentiation; concomitantly, G-CSF
accelerates maturation of metamyelocytes into mature
neutrophils, prolongs the survival of neutrophils and their
progenitors, and enhances neutrophil function (74).

G-CSF exerts its actions by binding to the receptor CSF3R on
myeloid cells, which consists of a single polypeptide chain with
great homology to other cytokine receptors. CSF3R extracellular
domain, comprising of an immunoglobulin-like (IgG) domain
followed by a cytokine receptor homology domain (CRH) and
three fibronectin III (FNIII) domains, plays a crucial role in
receptor activation. The intracellular domain contains two
proximal motifs termed Box 1 and Box 2 that are critical for
signal transduction as they bind to JAK, whereas the distal C-
terminal domain drives differentiation and transduction of
phagocytic signals in mature neutrophils. C-terminal domain
also contains Box 3, which acts as a negative regulator of G-CSF
signaling (75). A graphical representation of the CSF3R structure
is provided in Figure 1.

Binding of G-CSF to CSF3R induces homodimerization of the
receptor leading to the activation of downstream pathways. The
proximal domain activates mostly the JAK/STAT pathway
TABLE 1 | Diagnostic work up and diagnostic criteria for CNL.

Work up Diagnostic criteria

Confirm persistent leukocytosis/
neutrophilia

Repeated blood counts should confirm WBC >25 x 109/L in repeated evaluations

Exclude all reactive or secondary causes of
neutrophilia

Complete survey must not reveal any cause of secondary neutrophilia and if revealed, a CSF3R mutation should also be
present

Evaluate peripheral blood findings and
morphology

>80% of the WBC should be neutrophils or bands, with less mature forms <10% and blasts <1%

Evaluate the clinical and biochemical
profile

Hepatosplenomegaly is common, and serum LDH, uric acid, B12, and liver cholestatic enzymes are usually increased

Evaluate cytochemical profile LAP score is elevated or markedly elevated
Evaluate bone marrow findings and
morphology

Marrow cellularity is highly increased with granulocytic hyperplasia without evident dysplasia or excess of blasts

Evaluate bone marrow histology and
immunophenotype

A clear myeloproliferative syndrome pattern without an increase of monocytes, eosinophils, basophils or mast cells

Exclude BCR/ABL positive Chronic
Myelogenous Leukemia

PCR for BCR/ABL transcripts should be negative and karyotype should not exhibit Ph chromosome

Exclude BCR/ABL negative myeloproliferative
neoplasms

Diagnostic criteria for polycythemia vera, primary myelofibrosis and essential thrombocythemia should not be confirmed

Exclude chronic myelomonocytic
leukemia

The absolute monocyte count in the blood should be <1 x 109/L

Exclude a classical myelodysplastic
syndrome

Dysplastic changes should be absent

Exclude atypical BCR/ABL-negative chronic
myelogenous leukemia

Dysplastic changes should be absent. Multilineage dysplastic changes and >10% immature cells in the PB are
prominent in aCML. CSF3R mutation should be demonstrated

Perform direct molecular characterization of
the disease

There should be a mutation in the CSF3R gene, but with NGS additional mutations may also be revealed

Investigate for presence of commonly
coexisted conditions

Extramedullary infiltration, vasculitic syndromes or plasma cell dyscrasias might be present. CSF3R mutations necessary
to be confirmed
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leading to proliferation and differentiation. The PI3K/AKT
pathway is also activated by a LYN kinase, also interacting
with the proximal domain, leading to increased survival. Other
pathways, particularly the MAPK/ERK are activated by
interaction with more distal residues in the intracellular domain.

Given the importance of G-CSF in granulopoiesis, CSF3R
mutations have been associated with the pathogenesis of various
diseases. Extracellular domain missense mutations conferring
refractoriness to G-CSF have been identified in severe congenital
neutropenia (SCN) and chronic idiopathic neutropenia (CIN)
(76). Nonsense or frameshift mutations in the extracellular
domain, also found in SCN patients, promote ligand-
independent binding to the full-length CSF3R that appears to
suppress G-CSF-mediated signaling (77). On the other hand,
intracellular domain mutations, mostly of nonsense nature,
result in a truncated receptor with normal affinity for G-CSF,
but a higher proliferation and lower differentiation potential in
response to G-CSF. These mutations are almost exclusively
found in patients with SCN who develop MDS or AML.

Proximal transmembrane mutations, namely T618I and T640N,
promote the ligand-independent activation of pre-existing dimers of
CSF3R and lead to low level, sustained activation of all downstream
pathways, that cannot be terminated by internalization of the
activated CSF3R, that usually follows the activation of wild-type
CSF3R (78). Thesemutations are found to be particularly enriched in
patients with CNL.
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In their pivotal trial in 2013, Maxson et al. demonstrated
that 8 of 9 CNL patients (89%) harbor CSF3R mutations.
Notably, all of them had proximal transmembrane mutation,
most commonly T618I, whereas an additional truncating
intracellular mutation was found in three patients as a
compound mutation (20, 79). The results of Maxson et al. have
been subsequently validated by Pardanani et al. who
demonstrated a CSF3R T618I mutation in 83% of patients with
WHO-defined CNL. Most strikingly, this mutation was virtually
absent from cases of atypical CML or other myeloproliferative
neoplasms, highlighting that CSF3R T618I could serve as a highly
sensitive and specific marker for CNL (80). The oncogenic
potential of this mutation has been demonstrated in a murine
model, as transplantation of hematopoietic cells harboring the
T618I mutation sufficed for the development of a lethal
myeloproliferative neoplasm resembling CNL (81). On the
other hand, truncating mutations seem not to be oncogenic;
however, they might act synergistically with proximal mutations
to drive leukemogenesis, potentially through enhanced MAPK
signaling, as shown by in vitro studies by Rohrabaugh et al.
Notably, although compound mutations might confer resistance
to JAK or SRC kinase inhibition by ruxolitinib and dasatinib
respectively, cell lines harboring compound mutations remain
sensitive to MEK inhibitors, such as trametinib.

Other Pathogenic Mutations
Several recent studies have tried to elucidate the complex genetic
landscape of CNL. In most cases, additional mutations in genes
commonly affected in myeloid malignancies have been observed;
however, their frequency has been highly variable among
cohorts. The most commonly affected genes are those involved
in epigenetic and transcriptional regulation (ASXL1, TET2), in
the assembly of the spliceosome (SRSF2, U2AF1), as well as
mutations in genes such as SETBP1. Notably, mutations in genes
involved in the cell-signaling pathways, such as JAK2 and NRAS
are scarcely found (82). The frequency of gene mutations in CNL
is graphically represented in Figure 2.

In the largest cohort of 39 CNL cases, mutations of ASXL1
were found in 77% of cases. This gene, which is involved in
histone modification, was notably the most commonly affected
gene in CNL, with frameshift or nonsense mutations. Further,
ASXL1 mutations demonstrated variable variant allelic
frequencies (VAF), indicating that this genetic event might
occur early in the founder clone, or acquired in later subclones
in other cases. Phenotypically, patients with ASXL1 mutations
tended to be of older age and presented with higher WBC count,
as well as increased needs for platelet transfusions; a trend for
worse overall survival was also noted (83). In line with this
finding, Elliot et al. demonstrated that ASXL1mutations, present
in 57% of cases, along with thrombocytopenia, were independent
prognostic factors for adverse overall survival (84). TET2
mutations, have been observed less frequently in CNL (~21%
of cases). In most cases these lesions might be acquired at later
stages of clonal evolution. Regarding the disease phenotype, the
presence of TET2 mutations correlated with low platelet count,
low neutrophil percentage, high monocyte percentage, and bone
FIGURE 1 | Structure of CSF3R. Proximal transmembrane T618I mutation
induced a G-CSF independent activation of receptor homodimers leading to
constant signal transduction primarily through the JAK/STAT pathway. Other
pathways, namely PI3K/AKT and ERK1/2 are also constantly activated
(Created with BioRender.com).
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marrow dysplasia (83). Of special interest is the fact that no cases
with concomitant mutations of TET2 and SRSF2 have been
observed in CNL, as the TET2mut/SRSF2mut genotype is highly
specific of CMML (85). Furthermore, EZH2mutations have been
found relatively frequently in CNL cases, even though their
significance remains unclear.

Mutations affecting the spliceosome have also been reported
with variable frequency in patients with CNL. SRSF2 and U2AF1,
mutated in up to 44% and 15% of patients respectively, are the
most commonly affected genes within this group. Similarly to
ASXL1, these mutations might be acquired in variable timepoints
along the clonal evolution of CNL (83). The contribution of these
mutations in disease phenotype and prognosis has yet to
be assessed.

SETBP1 has been found to be mutated in approximately 41%
of CNL cases. Notably, a high co-occurrence of SETBP1
mutations with CSF3R T618I has been consistently reported,
reaching 67% in more recent studies (86, 87). A trend towards
inferior overall survival for patients with CNL harboring SETBP1
mutations has been reported; however, a meta-analysis of the
three available studies that assessed the prognostic significance of
this gene in CNL demonstrated no association with overall
survival (88). Interestingly, SETBP1 mutations have been
associated with a more myeloproliferative phenotype with
increased hemoglobin and platelet counts.

Models of Clonal Evolution
CNL demonstrates high genetic heterogeneity with frequent co-
occurrence of mutations in different genes with variable VAF.
Indeed, in the study of Zhang et al. the median number of
mutations per patient was 3.6, indicating that more than three
pathways were simultaneously affected in most patients (83). In an
attempt to explain the genetic variability of CNL, Maxson et al.
suggested that CNL pathogenesis might be a multistep process
involving sequential genetic events giving rise to different
subclones. At least two models of clonal evolution have been
suggested (82). In the first model, a healthy hematopoietic stem
cell acquires a mutation associated with epigenetic modification
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(ASXL1, TET2) or spliceosome assembly (SRSF2, U2A1), giving
rise to a clonal hematopoiesis of indeterminate potential (CHIP)
which remains asymptomatic or presents with minimal
myelodysplasia. Acquisition of a signaling mutation, most
commonly CSF3R T618I, offers a neutrophil differentiation bias
leading to overt CNL. In the other model, the CSF3R T618I arises
as a founder mutation in healthy stem cells, causing a highly
myeloproliferative phenotype. Owing to the high replication
potential, the cells rapidly acquire additional mutations in
epigenetic/splicing genes, adding dysplastic features (82). These
models are summarized in Figure 3.

Cytogenetic Abnormalities
Most patients with CNL present with normal karyotype at
diagnosis. In a series of 40 patients, cytogenetic abnormalities
were reported in 32.5% patients. These abnormalities were
detected at diagnosis in 20% of patients, or emerged as clonal
evolution in the remaining patients. Given their scarcity, no
definite conclusions can be drawn regarding the occurrence of
cytogenetic abnormalities in CNL; however, deletion of 20q, 11q,
12p, and trisomy 21 might represent nonrandom abnormalities,
as they present with increased frequency in other myeloid
malignancies (89).
PROGNOSIS

Overall survival of patients with CNL has been shown to be rather
short. In a population-based study combining data from the
Surveillance, Epidemiology, and End Results (SEER) program and
the National Cancer Database (NCDB), an OS of 1.8 years in SEER
and 2.2 years in NCDB was found (90). Similarly, in a series of 40
WHO-definedCNL,medianoverall survivalwas23.5months; causes
of death included intracranial hemorrhage, progressive disease,
infections, and leukemic transformation (89). Transformation to
AML might occur in 16% of patients at a median of 21 months.
Interestingly, several cases of transformation to CMML have been
reported (41).
FIGURE 2 | Frequency of gene mutations in chronic neutrophilic leukemia, as demonstrated by application of next generation sequencing in a cohort of 39 patients.
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As CNL represents a rare disease, data pertaining to
prognostic factors are relatively scarce. Cui et al. demonstrated
that WBC count >50 x 109/L represent a negative prognostic
factor for OS (86). As mentioned above, Elliot et al. showed that
ASXL1 mutation and thrombocytopenia were independent
prognostic factors of inferior OS (84). Most recently, presence
of NRAS, ASXL1, GATA2, and DNMT3A mutations correlated
with a trend of shorter OS, whereas CBL mutations predicted a
more favorable OS (83). A prognostic scoring system has been
suggested by Szuber et al. from Mayo Clinic, incorporating three
variables, namely platelet count <160 × 109/L, leukocyte
count >60 × 109/L, and presence of ASXL1 mutation.
Thrombocytopenia has been assigned with two points, whereas
the other variables with one point each. A two-tier stratification
of patients into low-risk (0–1 points) and high-risk (2–4 points),
yielded a statistically significant difference in OS (not reached for
low-risk vs. 22.4 months for high-risk) (41).
Frontiers in Oncology | www.frontiersin.org 787
MANAGEMENT

Because of its exceptional rarity, there is no standard of care for CNL.
Allogeneic hematopoietic stem cell transplantation (allo-HSCT)
remains the only therapeutic approach with curative intent.
Conventional treatments mainly aim to alleviate the disease
burden, albeit they do not seem to affect the natural history of the
disease and overall survival. Therefore, the development of
potentially disease-modifying treatments constitutes a major unmet
need. Currently, the available treatment options include
pharmacological agents (hydroxyurea, interferons, JAK inhibitors,
and other tyrosine kinase inhibitors) and allo-HSCT. A proposed
algorithm of management of CNL is depicted in Figure 4.

Hydroxyurea
Hydroxyurea, an oral cytoreductive agent, has traditionally been
used in first-line treatment of CNL. Approximately 75% of
FIGURE 3 | Proposed models of clonal evolution in chronic neutrophilic leukemia. CHIP, Clonal hematopoiesis of indeterminate potential; HSC, hematopoietic stem cell.
FIGURE 4 | Suggested algorithm for treatment of patients with chronic neutrophilic leukemia.
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patients are expected to demonstrate clinical response in terms of
decrease in leukocytosis and/or splenomegaly; however, the
responses are transient, as all patients are expected to
demonstrate disease progression or transformation to AML
within a median of 12 months (89).In this context,
hydroxyurea should be considered palliative treatment, as it
fails to halt clonal evolution and therefore disease progression.

Interferon
Interferon-alpha (IFN-a) represents another therapeutic
approach in CNL, based on published case reports; however,
no clinical trial establishing its effectiveness has been reported.
Although IFN-a might lead to long-term remission, even in
patients primarily refractory to hydroxyurea, the impact of IFN-a
to CNL clonal evolution has not been assessed. Recently, Yassin
et al. reported the case of a woman with CNL achieving
hematological response with pegylated interferon alpha-2a,
albeit no data on duration of response have been disclosed
(91). Despite the absence of solid evidence for the efficacy of
IFN-a, it remains a valid option for CNL treatment.

Intensive Chemotherapy
Conventional chemotherapy with anthracycline and cytarabine
(3 + 7) might represent a treatment option for patients
transforming to AML; however, overall survival is relatively
poor, as expected for secondary AML (92). Regarding CNL in
chronic phase, intensive chemotherapy is not recommended as it
is accompanied by high treatment-related mortality and the
majority of patients are refractory to this approach (11, 89).

Ruxolitinib
The discovery of the key role of CSF3R in CNL and the JAK/
STAT signaling pathway in CNL pathobiology has impelled the
investigation of ruxolitinib, a JAK1/2 inhibitor, for the treatment
of CNL. Preclinical studies demonstrated that ruxolitinib could
decrease WBC count and splenomegaly in mice with
CSF3RT618I mutated CNL; however, initial case reports
demonstrated variable responses to ruxolitinib (93–96).
Similarly, Szuber et al. in a case series of 19 patients, noted
that ruxolitinib, received by four patients, was associated with a
temporary response in half of the patients (41).

A phase II trial of ruxolitinib including 21 patients with CNL has
been published recently. Overall response rate (ORR) was 58% for
CNL patients. Among them, 4 complete remissions and 9 partial
remissions were noted. Further, ORR was restricted to 8% in the
group with wild-type CSF3R, while no association between response
and cytogenetics, number of mutations, and ASXL1 or SETBP1
mutations was observed. Median OS for all patients was 18.8
months. By response, median survival for non-responders and
responders was 15.6 and 23.1 months respectively. Most
importantly, ruxolitinib was shown to decrease the CSF3R T618I
allelic burden in responders, particularly for those achieving CR
(mean absolute VAF change: −0.26 for CR, −0.05 for PR).

The effect of compound mutations of CSF3R on sensitivity to
ruxolitinib has been an object of debate. In vitro studies have
demonstrated the resistance of cell lines harboring compound
mutation to ruxolitinib; however, Gunawan et al. have reported
Frontiers in Oncology | www.frontiersin.org 888
on a case with compound CSF3R mutations that had a
substantial yet short-lived response to ruxolitinib (94). Most
recently, Hinze et al. reported a case of a compound-mutated
CNL achieving long-term remission with ruxolitinib (97). The
co-occurrence of CSF3R and SETBP1 mutations have shown to
confer resistance to ruxolitinib; however, in the aforementioned
phase II trial, no association between SETBP1 mutation and
response to ruxolitinib was noted (98).

The mechanisms underlying clonal evolutions in patients with
CNL undergoing treatment with ruxolitinib might bemultifaceted.
Stoner et al. evaluated seven patients with CNL demonstrating
molecular or clinical progression under treatment with ruxolitinib.
VAF reduction of CSF3R mutation was noted in 3 cases, whereas
two patients demonstrated no changes in allelic burden overtime.
Primary resistance to ruxolitinib couldbeattributed toco-occurring
NOTCH2 and SRSF2 mutations in the founder clone of one case.
Notably, subclones harboring STAT3, STAG2, and RUNX1
mutations emerged in three cases. Acting downstream of JAK
kinases, STAT3 could bypass the inhibitory effects of ruxolitinib,
whereas co-operation of RUNX1 with CSF3R mutations might be
involved in CNL disease progression andAML transformation. On
the contrary, the roleof theSTAG2mutations indiseaseprogression
has not been elucidated yet (99).

Fedratinib, another JAK inhibitor is being evaluated in a
phase II trial for patients with CNL (NCT05177211).

Other Tyrosine Kinase Inhibitors
The rationale for the use of dasatinib in CNL stems from the
demonstration of the in vitro sensitivity of CNL lines harboring
truncating CSF3R mutations to SRC kinase inhibition (20);
however, no data on the in vivo efficacy of dasatinib are available.
On the contrary, a recent case report demonstrated that co-
occurrence of truncating and proximal CSF3R mutations confer
resistance to dasatinib in a patient with CNL (97). In this context, a
short trial with dasatinib could be offered in patients harboring
truncatingmutationswithclosemonitoring fordisease progression.

Preclinical data have suggested that compound mutations of
CSF3R might exert their leukemogenic potential through
enhancement of MAPK signaling. In support of this,
trametinib, a MEK1/2 inhibitor, has demonstrated in vitro
activity in compound-mutant CNL models; however, this agent
has not been tested in clinical practice.

Allogeneic Stem Cell Transplantation
Given the lack of therapeutic agents that could provide long-term
disease control, allo-HSCT represents the only therapeutic option
with curative potential; however, the published evidence remains
scarce, consistingmostly of case reports and small case series. Elliot
et al. reported offive patientswithCNLwho underwent allo-HSCT.
Four of themachievedCRand remained disease-free up to six years
from transplantation (89). In another case-series of 19 patients, two
patients in blast transformation underwent allo-HSCT.One patient
had a favorable outcome, remaining disease-free 40 months post-
transplant, whereas the other patient died from transplantation-
related complications (41).Ruan et al. in a population-based study
reported that 2% of CNL patients underwent allo-HSCT. Notably,
all of them were alive at five years post-treatment (90). Although
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these studies are informative of the curative role of allo-HSCT, they
do not provide details pertaining to the transplantation procedures.

A retrospective nationwide study in Japan aimed to
provide a more comprehensive overview of allo-HSCT in
this rare myeloid neoplasm. Between 2003 and 2014, five
patients with CNL underwent allo-HSCT. Three patients
received hydroxyurea, one received dasatinib, and one was
offered intensive chemotherapy, albeit none of the patients
demonstrated response to treatment prior to transplantation.
Notably, none of them received ruxolitinib. Four patients
received transplantation from matched-unrelated donors,
whereas one patient received transplantation from an HLA-
haploidentical sibling donor. All but one patients received a
myeloablative conditioning regimen. Neutrophil engraftment
was achieved in all but one patient who died due to bleeding.
Two of the patients who engrafted achieved CR that was retained
without signs of relapse at day +362 and +441, whereas one
patients, although in CR, died from sinusoidal obstruction
syndrome at day +56; one patients showed no response to
transplant and succumbed to the disease 76 days post-transplant.
CONCLUSION

Chronic neutrophilic leukemia represents an extremely rare
myeloproliferative neoplasm that has been poorly characterized
Frontiers in Oncology | www.frontiersin.org 989
for over a century, owing to the wide variability of the clinical
presentation and laboratory findings of patients. Recently, there
has been an increase in the understanding of the molecular
pathogenesis of the disease, as mutations in the CSF3R gene are
believed to be the driver mutations in most cases, albeit other
mutations are required for the development of overt disease. The
prognosis of the disease remains poor even for patients that
proceed to allo-HSCT, which represents the only therapeutic
option with curative intent. Studies on other therapeutic
modalities such as ruxolitinib, have demonstrated satisfactory
response rates; however, clonal evolution and emergence of
resistance to these agents might limit their efficacy. Therefore,
there is an unmet need for the optimal treatment of patients with
CNL, highlighting the need for more studies enrolling patients
with WHO-defined CNL, that could disentangle the complex
genetic landscape of the disease and provide novel potential
targets for development of more potent therapeutic agents.
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Chronic myelomonocytic leukemia (CMML) and the remaining, less frequent hybrid,
mixed, or overlap myelodysplastic syndromes/myeloproliferative neoplasms (MDSs/
MPNs) are difficult to treat neoplastic hematological disorders, exhibiting substantial
clinical and prognostic heterogeneity, for which clear therapeutic guidelines or effective
treatment options are still missing. CMML has an overall survival ranging from a few
months to several years. Although patients with proliferative or dysplastic features may
benefit from hydroxyurea and hypomethylating agent treatment, respectively, none of
these treatments can establish long-term remission and prevent the inevitable
transformation to acute leukemia. Novel targeted treatment approaches are emerging
but are still under investigation. Therefore, currently, allogeneic stem cell transplantation
(allo-SCT) remains the only treatment modality with a curative potential, but its widespread
application is limited, due to significant morbidity and mortality associated with the
procedure, especially in the elderly and in patients with comorbidities. Recognition of
patient eligibility for allo-SCT is crucial, and the procedure should be addressed to patients
with a good performance status without severe comorbidities and mainly to those in
intermediate- to high-risk category, with a suitable stem cell donor available. The issues of
best timing for performing transplantation, patient and donor eligibility, the type of
conditioning regimen, and the outcomes after various allo-SCT procedures are the
topics of this review.

Keywords: allogeneic stem cell transplantation, chronic myelomonocytic leukemia (CMML), atypical chronic
myelogenous leukemia (aCML), Juvenile Myelomonocytic Leukemia (JMML), chronic neutrophilic leukemia
(CNL), outcome, prognosis
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INTRODUCTION

Myelodysplastic syndromes/myeloproliferative neoplasms (MDSs/
MPNs) represent a difficult-to-treat group of clonal hematopoietic
stem cell disorders, without specific molecular signatures,
exhibiting both, myelodysplastic and myeloproliferative features.
According to the most recent revision of the World Health
Organization (WHO) classification, entities classified in this
category include chronic myelomonocytic leukemia (CMML),
atypical bcr/abl-negative chronic myeloid leukemia (aCML),
juvenile myelomonocytic leukemia (JMML), and myelodysplastic
syndrome/myeloproliferative neoplasm unclassifiable (MDS/
MPN-U) (1, 2). Chronic neutrophilic leukemia (CNL), although
currently classified amongMyeloproliferative Neoplasms (MPNs),
sometimes shares several dysplastic features, and it has been
postulated that this diseasemight stand closer toMDS/MPN (3, 4).

For the most common entity, CMML, several prognostic
systems have been proposed to best stratify patient life
expectation, according to disease aggressiveness. French-
American-British (FAB) Classification has defined the threshold
of 13 × 109/l white blood cells (WBCs) to distinguish the dysplastic
from the proliferative subtype, but this cutoff value cannot reflect
the biological differences of the two subtypes. Cytogenetic risk,
appears not to be comparable to that of classical MDS (5).
Prognostically relevant is the WHO 2016 classification, based on
the percentage of peripheral blood (PB) and/or bonemarrow (BM)
blasts, as CMML-0 (BM blasts 0%–4%), CMML-1 (5%–9%), and
CMML-2 (10%–19%), although often clear differences between
CMML-0 and CMML-1 may not be found. However, difficulties
might emerge in the correct characterizationofmarrowblasts, since
several immature monocytoid cells could be considered blasts, as
also promonocytes should be considered as blasts, together with
myeloblasts and monoblasts. Thus, this concept should always be
kept in mind when assessing patient risk according to the WHO
subclassification (CMML-0 vs. CMML-1 vs. CMML-2) and/or
according to scoring systems such as the CMML Prognostic
Scoring System(CPSS) including BM blast percentage among
prognostic factors to be considered (6). Other systems, such as
the MD Anderson Prognostic Score (MDAPS) and the Mayo
prognostic model, rely on clinical, morphological, and laboratory
parameters (7, 8) because either they did not test the importance of
genetic markers (7) or the tested markers were not proven to be
prognostically important (8). Molecular information has been
incorporated within the Group Francophone (GFM) (9), the
Mayo, and the CMML Prognostic Scoring System molecular
(CPSS-mol) (10) prognostic systems, in the latter together with
cytogenetics as genetic risk grouping. In a comparative study
between the CPSS, the MDAPS, and the Mayo prognostic system,
CPSS was found superior, and the authors further improved it by
addingplatelet count, thus creating theCPSS-P (11).However, all of
these tools are applicable at baseline, and not to patients proceeding
to allogeneic stem cell transplantation (allo-SCT). BM fibrosis may
occur in some CMML patients, who more frequently exhibit Janus
Kinase 2 (JAK2) genemutations. PatientswithfibroticCMMLhave
a dismal outcome and should be distinguished from patients with
primary myelofibrosis and monocytosis (12). Finally, therapy-
related CMML appears to be pathogenetically distinct, has worse
Frontiers in Oncology | www.frontiersin.org 294
prognosis than primary disease, and has also been suggested to be
distinguished (13, 14).
OVERVIEW OF TREATMENT APPROACHES
FOR CHRONIC MYELOMONOCYTIC
LEUKEMIA AND THE OTHER
MYELODYSPLASTIC SYNDROMES/
MYELOPROLIFERATIVE NEOPLASMS

Treatment options for these diseases vary from supportive care
to allo-SCT. This variability clearly reflects the extreme
heterogeneity of prognosis, according to disease and patient
characteristics at diagnosis. Until recently, clear treatment
guidelines were lacking, although excellent reviews and
treatment recommendations have been published (15–18). The
lack of evidence-based recommendations is mainly attributed to
the absence of large, multicenter, prospective, randomized trials
investigating prespecified treatment outcomes. A potential
explanation is the high degree of clinical, laboratory,
molecular, and prognostic heterogeneity of these diseases. The
use of hypomethylating agents (HMAs) as initial treatment
becomes more and more popular; however, results are less
favorable than those achieved by patients with classical MDS,
fewer patients achieve complete remission (CR), and responses
are shorter (19, 20). Recent molecular analyses have shown that
ASXL1 and RAS mutations are associated with poorer response
to HMA treatment, whereas TET2 mutations represent a
favorable factor for response (21).

Oral cytoreductive treatment, usually hydroxyurea, is temporarily
effective and is administered to patientswith the proliferative subtype
or with extramedullary organ involvement. Single-agent
chemotherapy, most commonly low-dose subcutaneous or
intravenous cytarabine, may be given to patients with uncontrolled
monocytosis and/or increased marrow blasts. However, responses
are short, and the majority of patients soon become refractory,
developing multidrug resistance. Combination chemotherapy,
consisting of cytarabine plus an anthracycline or a topoisomerase
inhibitor, may be more effective, induces longer remissions, but is
poorly tolerated by the usually advanced-aged or unfit patients.
Combination chemotherapy-induced CR is usually of short
duration, as compared to remissions induced in patients with de
novo AML.

The only treatment with curative potential remains allo-SCT,
which should be provided to all patients with prognostically
unfavorable, rapidly evolving, or symptomatic CMML, or other
MDSs/MPNs, who have an available stem cell donor. Ideally, this
should be performed early, before disease progression, because in
the latter case, non-relapse mortality (NRM) and relapse rate (RR)
are higher and worse than those in AML evolved from classical
MDS (22). There are several barriers, preventing the broad
application of allo-SCT, including patient-related issues (advanced
age, poor performance status, comorbidities) and disease-related
issues (unstable disease, delayed postchemotherapy marrow
reconstitution, infectious complications, and organ impairment).
August 2022 | Volume 12 | Article 884723
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Several studies aim to rationalize the therapeutic decision for
allo-SCT in these diseases. According to the Mayo Clinic
experience, among 406 patients, 70 underwent allo-SCT, and
median leukemia-free survival (LFS) by the application of
propensity score-matched analysis was clearly better in the
transplanted than that in the non-transplanted group (40 vs.
20 months) as was overall survival (OS; 40 vs. 21 months) (23).
Furthermore, in a multicenter analysis of 261 patients, of whom
119 underwent allo-SCT, after a prolonged median follow-up of
6.1 years, transplanted patients had significantly better median
OS (4.3 vs. 2.3 years) (24).
EXPERIENCE FROM ALLOGENEIC STEM
CELL TRANSPLANTATION IN PATIENTS
WITH MYELODYSPLASTIC SYNDROMES /
MYELOPROLIFERATIVE NEOPLASMS

A. Chronic Myelomonocytic Leukemia
The existing experience is restricted to retrospective analyses from
various transplant groups. However, in many retrospective studies,
results of allo-SCT in patients with CMML are pooled together
with the results of patients with other myeloid malignancies (other
MDSs/MPNs, MDS, AML, MPN, etc.), and only exceptionally the
outcomes of CMML patients are mentioned separately. Most
recently, however, some retrospective studies have focused on
the outcomes of CMML and occasionally on other MDSs/MPNs.

In early reports from the MD Anderson Cancer Center
(MDACC) on 20 patients (8 with CMML), probabilities for
disease-free survival (DFS) and OS at 2 years were 37% and
47%, respectively (25), while from the Mayo Clinic, among 17
transplanted patients <60 years, 7 were relapsed and, in 6 of them,
1–3 courses of donor leukocyte infusions (DLIs) were offered.
Despite the high treatment-related mortality (TRM) of 41% at 3
years, 3 patients remained alive, indicating a graft-versus-leukemia
(GVL) effect (26). In support of a GVL effect was the first analysis
of the European Blood and Marrow Transplantation Registry
(EBMT) on 50 patients, who, despite a 52% TRM at 5 years,
demonstrated a lower probability of relapse when grade II–IV
acute graft-versus-host disease (GVHD) developed (24% vs. 54%)
and higher RR when patients received T cell-depleted allografts
(27). Among 148 patients, who received a reduced-intensity
conditioning (RIC), after a median of 47 months, relapse-free-
survival (RFS), OS, and RR at 3 years were 27%, 27%, and 41%,
respectively. For 7 CMML patients, RFS and OS were both 43%
(28). Initial experience from Hamburg on 12 patients was also
positive, with a low TRM, 50% DFS, and 75% OS at 4 years (29).
At the King’s College, 18 CMML patients received an RIC and T
cell-depleted allografts. The probabilities of OS, RR, and TRM at 3
years were 31%, 47%, and 31%, respectively (30). Among 21
CMML patients transplanted in the Fred Hutchinson before 2000,
9 achieved sustained Disease-Free Survival (DFS) after a median of
7 years (31), and in a later analysis of 43 patients, NRM, RR, RFS,
and OS at 4 years were 35%, 23%, 41%, and 41%, respectively (32).
In the Mayo Clinic, out of 43 patients (35 with CMML, 17 on
AML status), after a median of 21months, NRM, RR, and OSwere
Frontiers in Oncology | www.frontiersin.org 395
25%, 29%, and 55%, respectively, for patients transplanted in the
chronic phase and 34%, 40%, and 47%, respectively, for those
transplanted following AML transformation (33). Similar results
were confirmed on 70 patients, of whom 46 were transplanted in
the chronic phase and 24 after AML transformation. Median OS
was better for patients transplanted in the chronic phase (67 vs. 16
months), and Kaplan-Meier (K-M) estimates for OS at 5 years was
51%—one of the best ever reported (23).

In the French retrospective study of 73 CMML patients, OS,
NRM, Event-Free Survival (EFS), and RR at 3 years were 32%,
36%, 29%, and 35%, respectively. NRM was lower in female
patients, those transplanted after 2004, and in patients without
palpable splenomegaly or pretransplant infections (34). Another
collaborative analysis of 85 CMML patients, including 14 with
therapy-related disease, reported 25% RR at 3 years, and the use
of myeloablative conditioning was associated with better
outcomes, compared to RIC (35). In the analysis from
MDACC on 83 patients, the 12-month TRM was 31%, and
patients who were bridged with HMA had lower RR at 3 years,
compared to those receiving AML-type induction chemotherapy
(22% vs. 35%), resulting in significantly longer PFS (43% vs.
27%) (36). A German group report on 45 patients, mainly with
CMML, observed a low 3-year NRM of 26.7%, while OS at 5
years was 51%. The presence of mutations was used as a marker
of minimal residual disease, and their persistence 6 months
posttransplant was associated with significantly higher RR (37).
The Nordic group applied a post-hoc analysis on 51 CMML
patients, with a median follow-up of 5.5 years, and identified
clonal mutations in 48 of them. ASXL1, TET2, RUNX1, SRSF2,
and RAS were the most frequently mutated genes.
Transplantation outcomes were better than those previously
reported, with a 5-year OS of 46.5%, NRM of 30%, and RR of
25% (38).

The impact of the donor was investigated on 159 Japanese
patients. OS, NRM, and RR at 3 years were 33%, 28%, and 39%,
respectively, and the best OS was obtained by [(MRDs), 50.4%],
followed by matched-unrelated donors (MUDs, 31.4%), umbilical
cord blood (UCB, 15.4%; TRM >75%), and mismatched-unrelated
donors (MMUDs, 16.7%) (39). The Fred Hutchinson group
described outcomes on 129 patients with the longest median
follow-up (9.3 years). Estimated probabilities for relapse, DFS,
and OS at 10 years were 32%, 29%, and 30%, respectively, whereas
NRM was 32% (40).

Many studies have focused on the conditioning regimen, and
majority of them do not report any impact, with the exception of
one small study on 10 patients, in which myeloablative
conditioning was associated with longer EFS (41). The same is
reported by the Heidelberg group on 44 patients, in whom
intermediate total body irradiation (TBI) dose (6–8 Gy)
combined with mofetil mycophenolate posttransplant
immunosuppression was associated with longer LFS in the
elderly and less fit patients, compared to alkylator-based
conditioning (42). A treosulfan-fludarabine regimen, although
administered to older patients with comorbidities, was
accompanied by better OS than standard myeloablative or RIC
regimens (43). The addition of 2 Gy TBI over a standard
treosulfan-fludarabine regimen was investigated on 51 patients
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with MDS and 49 with CMML. The TBI regimen showed
superiority and was associated with longer PFS, whereas NRM
was only 9% (44). In another prospective study on 77 patients (13
with CMML), a three-level dose-escalation TBI at non-
myeloablative doses (300–450 cGy) was tested. RR, NRM, PFS,
and OS at 5 years were 31%, 43%, 35%, and 38%, respectively (45).
Total lymphoid irradiation (TLI) and anti-thymocyte globulin
(ATG) were used in Stanford for 61 patients, and NRM at 3
years was only 11%, whereas PFS and OS were 35% and 41%,
respectively. The authors recommend this regimen for patients
with more advanced age (46).

The International Blood and Marrow Transplantation Registry
(IBMTR) and the EBMT have published the largest retrospective
studies. In the first, 209 patients were transplanted between 2001
and 2012, 35% of them receiving a graft from MRD and 27%
exhibiting >5% marrow blasts. The type of bridging treatment
(HMA vs. chemotherapy) and the type of conditioning
(myeloablative vs. RIC) had no impact on outcome. TRM, RR,
DFS, and OS at 5 years were 28%, 52%, 20%, and 30%, respectively
(47). In the second, 513 patients who received a related (55.5%) or
an unrelated graft (44.5%) following myeloablative conditioning
(48.5%) or RIC (44%) were transplanted until December 31, 2009.
Disease status at transplantation was CR in 24% and no CR in
67%. NRM, RR, DFS, and OS at 4 years were 41%, 32%, 27%, and
33%, respectively (48).

There is only one study describing encouraging outcomes
with haploidentical transplantation on 19 CMML patients. The
incidence of acute and chronic GVHD was acceptable, the 3-year
TRM was 27%, and RR was only 11%, whereas LFS and OS were
57% and 64%, respectively. The authors suggest that this type of
allo-SCT might exert a stronger GVL effect, and hence, RR may
be low (49). A summary of the published reports on CMML, with
the main patient and transplantation features and outcomes, is
presented in Table 1.

B. Juvenile Myelomonocytic Leukemia
JMML is a rare pediatric leukemia affecting 1.2 children per
million annually, with a median age at diagnosis of 2 years and a
clear male predominance. It has an aggressive clinical course with
a median OS of 10–12 months (51). Main features include
splenomegaly, lung and gastrointestinal system monocytic
infiltration, a leukoerythroblastic peripheral smear with absolute
monocytosis, elevated fetal hemoglobin (HbF), and a
hypercellular BM with increased blast percentage but <20%
(52). Nearly all JMML cases (90%–95%) harbor either somatic
mutations of the RAS pathway genes (PTPN11, KRAS, NRAS) or
germline mutations of NF1 and CBL, which are involved in two
congenital development disorders, namely, neurofibromatosis
and Cbl protooncogene – E3 ubiquitin protein kinase (CBL)
syndrome (53). Noonan syndrome caused by germline mutations
of PTPN11, NRAS, KRAS, BRAF, SOS1, and RAF1 may exhibit a
JMML-like disorder that is usually self-limited (54). Age >2 years
at diagnosis, platelets <33 x 109/L, and HbF >10% have been
identified as main predictors of poor survival (55).

In essentially all cases of JMML, allo-SCT is strongly indicated
and ideally should be performed immediately after diagnosis.
Cytoreductive strategies usually involve azacytidine or AML-type
Frontiers in Oncology | www.frontiersin.org 496
chemotherapy, while occasionally, splenectomy is performed for
symptom alleviation. Since the patient population is composed of
children, TBI is not usually included in the conditioning, but
busulfan-based regimens are used. The European Working Group
on MDS (EWOG-MDS) provides a recommendation for a three-
alkylator regimen consisting of busulfan, cyclophosphamide, and
melphalan (56). MRD or MUD should be the first option, while
one-locus MMUD or UCB transplantation is a reasonable
alternative. Recently, a large study from China compared 27
patients transplanted with an MRD or MUD (Cohort-1), with
20 patients who underwent allo-SCT by using an haploidentical or
anMMUDwith 2 or 3 HLA disparities (Cohort-2). With a median
follow-up of 26 months, OS, DFS, and NRM were 66%, 55%, and
11%, respectively, in the entire group, but the cumulative RR was
significantly increased in Cohort-1 as compared with Cohort-2
(56% vs. 5%, P ≤ 0.001). Nevertheless, haploidentical allo-SCT
might represent a solution for patients with a rapidly evolving
disease for whom an MRD or an MUD is not available (57).

Age at diagnosis >2 years, NF1 or PTPN11 mutation, and high
DNA methylation define a patient group with an RR of >50%,
raising the issue of immunosuppression intensity and
posttransplant prophylaxis (58). Thus, EWOG-MDS recommends
keeping immunosuppression with cyclosporine-A at low levels (~80
g/L) and tapering early (from day +40 in the absence of grade II–IV
GVHD). Donor chimerism should be tested at very short intervals
(even weekly in high-risk patients), since the reappearance of small
autologous cell populations mandates immediate withdrawal of
immunosuppression (59). Prevention of relapse by preemptive
administration of azacytidine or DLI is a frequently applied
strategy. Novel approaches such as MAP kinase–ERK kinase
(MEK) inhibitors (trametinib) or bcl2 inhibitors (venetoclax) in
combination with azacytidine and anti-CD47 monoclonal
antibodies are currently evaluated in the context of clinical trials
(60). Table 2 presents the results of allo-SCT in patients with JMML
(56, 57, 61–63).

C. Atypical Chronic Myelogenous
Leukemia and Unclassified
Myelodysplastic Syndrome/
Myeloproliferative Neoplasm
aCML mainly affects elderly patients of male predominance and is
characterized by inherent propensity for AML transformation.
This is a difficult-to-treat disease with the available conventional
treatment options with a median OS of about 2 years from initial
diagnosis. In a group of 73 patients, age >65 years, anemia (<10 g/
dl) and severe leukocytosis (>50 × 109/l) at diagnosis were
recognized as significant adverse prognostic factors and have
been used to construct a simple prognostic system, greatly
affecting survival (64). In two cohorts of 55 and 65 patients
from Italy and the United States, prognosis was generally poor
and median OS was 25 and 12 months, respectively. AML
transformation occurred in >30% of patients between 12 and 18
months from initial diagnosis [65, 66]. In a retrospective analysis
of 65 patients from MDACC, intensive chemotherapy was poorly
tolerated and was associated with significantly decreased OS, as
compared to HMA, hydroxyurea, or ruxolitinib treatment.
Recently, in a new multivariate analysis on 65 patients, older
August 2022 | Volume 12 | Article 884723
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TABLE 1 | Published retrospective studies reporting transplantation outcomes on CMML.
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21
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41
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75
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40
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)

123/374
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35

(74) 22/32 (69) 25-34 29-40 NR 55 vs
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98/209
(47)

28 52 5-yr 20 5-yr
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44
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Year Group 1st Author/
Reference

All
pts

CMML
pts

Other
pts

Med
Age

♂/♀ Disease status at
SCT
(N,%)

RIC
(%)

Related Donor
n (%)

Med F-up
(mo)

aGVH
(%

2000 Fred
Hutch

Zhang (31) 21 21 0 47 14/7:
2.0

CP: 9 (43) EB: 12
(57)

0 12 (57) 83.0 15/21

2002 EBMT Kröger (25) 50 50 0 44 29/21:
1.4

CP: 32 (64) BP: 18
(36)

N/A 38 (76) 40.0 28/48

2004 MDACC Mittal (25) 20 8 7 51 15/5:
3.0

Not reported 0 15 (75) 17.5 9/20

2005 Fred
Hutch

Kerbauy (32) 43 43 0 48 25/18:
1.4

CMML1: 32 CMML2:
11

2 (5) 18 (42) 69.0 N/

2006 Mayo
Clinic

Elliot (26) 17 17 0 50 11/9:
1.2

CP: 9 (53) BP: 8 (47) 1 (6) 14 (82) 34.5 12/16

2009 Hamburg Ocheni (29) 12 12 0 56 5/7: 0.7 CR: 2 (17) no-CR: 10
(83)

6 (50) 2 (17) 26.0 10/12

2010 King's
College

Krishnamurty
(30)

18 18 0 54 12/6:
2.0

CR: 8 (44) no-CR: 10
(56)

15 (83) 7 (39) 16.0 8/18

2011 Fred
Hutch

Eissa (35) 85 85 0 52 52/33:
1.6

CMML1: 57 CMML2:
26

15 (18) 34 (40) 62.0 58/81

2013 French Park S (34) 73 73 0 53 NR CR: 23 (31) no-CR:
50 (69)

43 (59) 41 (56) 23.0 28/68

2013 German Fu (37) 45 39 6 57 25/20:
1.3

Not reported 30 (67) 10 (22) 46.0 28/45

2013 Korean Lim (41) 10 7 3 43 9/1: 9.0 CR: 1 CP: 2, no-CR:
7(70)

5 (50) 5 (50) 47.5 2/10

2015 EBMT Symeonidis
(48)

513 513 0 53 343/
170: 2

CR: 122(26) no-CR:
344(74)

226
(40)

276 (54) 43.0 155/
(33

2016 MDACC Kongtim (36) 83 83 0 57 58/25:
2.3

CR: 24 (29) no-CR:
59 (71)

19 (23) 30 (36) 48.0 27/75

2017 Mayo
Clinic

Sharma (33) 43 35 8 55 24/12:
2.0

CP: 18 (51) EB: 17
(49)

21 (49) 19 (54) 21.0 26/35

2017 IBMTR Duong Liu
(47)

209 209 0 57 146/63:
2.3

CR: 136 (65) no-CR:
73 (35)

99 (48) 73 (35) 51.0 76/2
(36

2018 Japanese Itonaga (39) 159 159 0 54 119/40:
3

CR: 25 (16) no-CR:
134 (84)

67 (42) 51 (32) NR NR

2020 Fred
Hutch

Woo (40) 129 129 0 55 85/44:
1.9

CMML0-1: 52 2-
AML: 75

21(19) 38 (29) 88.0 93/1
(74

2020 Heidelberg Radujkovic
(42)

44 44 0 61 27/17:
1.6

CR: 14 (32) no-CR:
30 (68)

7 (16) 10 (23) 39.0 6/36

2020 Mayo
Clinic

Pophali (23) 70 70 0 58 46/24:
1.8

CP: 46 (66) BP 24
(34)

37 (54) 28 (42) 70.0 29/63

2020 Chinese Sun (49) 19 19 0 41 10/9:
1.1

CR: 3 (16) no-CR: 16
(84)

Beijing
pr

Haplo 39.5 7/17

2021 Nordic Wedge (38) 64 64 0 62.5 49/15:
3.2

CR: 18 (28) no-CR:
46 (72)

23 (38) 20 (31) 65.0 34/60

2021 German Gagelmann
(24)

119 119 0 58 83/36:
2.3

CMML0/1: 65 (55) 63 (53) 26 (22) 73.0 NR

2021 German Gagelmann
(50)

240 240 0 59 172/68:
2.5

CMML0/1: 143 (59.6) 134
(56)

50 (21) 66.0 NR
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age, thrombocytopenia, increased BM blasts, and abnormal serum
lactate dehydrogenase (LDH) were parameters independently
associated with decreased OS. Based on these parameters, a new
scoring system was generated for a more accurate prediction of
survival (67). The mutational landscape of aCML mainly involves
SETBP1 and ETNK1 genes, while other commonly identified
mutations include ASXL1, N/K-RAS, SRSF2, and TET2 and less
frequently (<10%) CBL, CSFR3, and EZH2. JAK2, CARL, and
MPL mutations are extremely uncommon (68). SETBP1
mutations have been associated with severe anemia and
thrombocytopenia, increased LDH, and worse OS (69, 70).
Regarding allo-SCT, many questions related to the timing of
Frontiers in Oncology | www.frontiersin.org 698
transplantation, bridging therapy, donor type, and intensity of
preparative regimen still remain unanswered. In a retrospective
study of 60 patients with MPN or MDS/MPN in blastic phase
from the French Registry, with many of them receiving intensive
cytoreduction as bridging treatment, 26 were in CR before allo-
SCT, while 34 underwent transplantation with active AML. Not
surprisingly, the outcome was extremely poor, with OS and LFS at
3 years of 18% and 9%, respectively. Patients with active disease
before transplant had only 3% probability of 3-year OS (71).

Results of allo-SCT were also analyzed by the EBMT on 42
patients, of whom 69% were in first chronic phase, 76% received
myeloablative conditioning, and 64% weretransplanted from an
TABLE 2 | Allogeneic stem cell transplantation in patients with JMML.

Author (ref) No Donor Conditioning Disease phase PFS OS

Lin Y (57) 47 MRD: 11
MUD: 22
Haplo: 14

MAC: 47 Chronic: 38
Blastic: 9

54% (5-year) 66% (5-year)

Tufecki (61) 28 MRD: 18
MUD: 8
UCB: 1
Haplo: 1

MAC: 28 NR Relapse rate 35% 56% (5-year)

Locatelli (56) 100 MRD: 48
MUD: 52

MAC: 100 Chronic: 77
Blastic: 10
Missing: 13

54% (5-year) 66% (5-year)

Locatelli (62) 110 UCB: 100 MAC: 100 Chronic: 100 44% (5-year) 52% (5-year)
Yoshida (63) 129 MRD: 44

MUD: 85
MAC: 116
RIC: 13

NR 46% (5-year) 64% (5-year)
August 2022 | Volume 12 |
MRD, matched related donor; MUD, matched unrelated donor; MAC, myeloablative conditioning; RIC, reduced-intensity conditioning; PFS, progression-free survival; OS, overall survival.
TABLE 3 | Allogeneic stem cell transplantation in patients with atypical CML.

Author (ref) No Donor Conditioning Disease phase PFS OS

Lim SN (41) 2 MRD: 2 MAC: 2 Chronic: 1 Blastic: 1 >100 months >100 months
Onida (72) 42 MRD: 27

MUD: 15
MAC: 32 RIC: 10 Chronic: 33 Blastic: 9 36% (5-year) 51% (5-year)

Mittal (25) 20 MRD: 15
MUD: 5

MAC: 17 RIC: 3 NR 31% (18-month) 35% (18-month)

Koldehoff (73) 9 MRD: 6
MUD: 3

MAC: 8
RIC: 1

NR NR 88% (55-month)

Koldehoff (74) 21 NR NR NR NR 80% (5-year)
Itonaga (75) 14 MRD: 5

MUD: 7
UCB: 2

MAC: 13
RIC: 1

Chronic:9
Blastic: 5

NR 54% (1-year)
MRD, matched related donor; MUD, matched unrelated donor; MAC, myeloablative conditioning; RIC, reduced-intensity conditioning; PFS, progression-free survival; OS, overall survival.
TABLE 4 | Allogeneic stem cell transplantation in patients with CNL.

Author (ref) No Donor Conditioning Disease phase PFS OS

Itonaga (75) 5 MUD: 2
UCB: 2
Haplo: 1

MAC: 5 Chronic:5 NR 40% (1-year)

Hasle (81) 2 MRD: 2 MAC: 2 Chronic:2 NR 100% (>5-year)
Szuber (77) 2 NR MAC: 2 Blastic: 2 NR 50% (40-month)
Goto (82) 1 MUD: 1 MAC: 1 Chronic: 1 NR 100% (3-year)
Kako (83) 1 MUD: 1 MAC: 1 Blastic: 1 Progression d+50 NR
Piliotis (84) 1 MRD: 1 MAC: 1 Chronic:1 >1 year >1 year
MRD, matched related donor; MUD, matched unrelated donor; MAC, myeloablative conditioning; RIC, reduced-intensity conditioning; PFS, progression-free survival; OS, overall survival.
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MRD. T-cell depletion was applied in 26% and 87% of MRD and
MUD, respectively. According to the EBMT risk score (taking
into account the patient’s age, disease status, time interval from
diagnosis to transplant, donor type, and recipient–donor sex
match), 45%, 31%, and 24% of the patients had low,
intermediate, and high risk, respectively. This study confirmed
the curative potential of allo-SCT in patients with aCML. RFS at
5 years was 36%, NRM was 24%, RR was 40%, and OS was 51%.
Age and the EBMT score were significant predictors of OS (72).

Koldehoff et al. reported on 9 patients, of whom 4 were
transplanted from MRDs, 4 fromMUDs, and 1 from a syngeneic
donor. Eight patients received myeloablative conditioning and 8
remain alive, with one relapse of the patient who underwent
syngeneic allo-SCT (73). A subsequent follow-up from the same
team including 21 patients reported a 5-year OS of 80% with a
median survival of 48 months (74). In the early report from
MDACC, among 7 patients with aCML, after a median follow-up
of 17.5 months, OS and DFS were 35% and 31%, respectively, but
five patients died (25). The Japanese group reported outcomes on
19 patients, 15 with aCML and 4 with CNL, who mainly received
myeloablative conditioning. One-year OS was >58% and was
higher in patients with better performance status and <5% BM
blasts (75). Studies reporting results of allo-SCT in patients with
aCML are presented in Table 3.

D. Chronic Neutrophilic Leukemia
CNL is an extremely rare but aggressive disease, with an estimated
annual incidence of 1 case per 10,000,000 individuals, has as a
diagnostic hallmark various CSF3R mutations and a median life
expectancy of about 1.8 years (76). A prognostic model has been
developed in the Mayo Clinic based on data from 19 patients.
Retrospective analysis from archival material revealed ASXL1 and
SETBP1 gene mutations (besides CSF3R) in 47% and 32% of the
patients, respectively. Median OS of the whole group was 22.4
months, and CSF3RT618I mutation (present in 14 patients or 74%)
was associated with significantly inferior OS compared to truncation
mutations (17.2 vs. 42.7 months). On multivariate analysis, ASXL1
mutation, thrombocytopenia (<160 × 109/L), and hyperleukocytosis
(>60 × 109/L) were associated with decreased OS, and these 3
parameters created a risk model for prognostic stratification of the
patients in high- and low-risk groups (77).

In CNL, AML progression is almost inevitable and occurs at a
median of 21 months from initial diagnosis. No standard
treatment recommendations exist, and current treatments,
mainly consisting of hydroxyurea and interferon-alpha, do not
exert any disease-modifying benefit. A recent phase II trial
investigating the safety and efficacy of ruxolitinib reported an
overall response rate of 35%, making ruxolitinib a promising agent
that should be tested in larger patient cohorts (78). Intensive
AML-type chemotherapy is usually ineffective when administered
after disease progression. Therefore, allo-SCT remains the only
potentially curative therapeutic option, and evidence supports
early referral as an important factor for better outcome (75, 79).
In the largest case series from a nationwide survey in Japan, 5
patients were transplanted between 2003 and 2014. Intention to
transplant was based on either disease progression or leukocytosis
and splenomegaly uncontrolled by cytoreductive treatment. All
Frontiers in Oncology | www.frontiersin.org 799
patients received myeloablative conditioning, and graft source was
anMUD (2), UCB (2), and haploidentical sibling (1). One-year OS
was 40%, with one patient dying from sinusoidal obstruction
syndrome (d+56), one from bleeding (d+19), and one from disease
progression (d+76) (75).

Hydroxyurea or ruxolitinib should be administered to all
symptomatic patients or those with significant splenomegaly.
Myeloablative conditioning should be administered to fit
patients <65 years, while an RIC should be preferred for older
or less fit patients. An MRD or MUD should be the preferred
option. However, taking into account the recent progress in
haplo-SCT in double cord transplants in adults and the
experience on the treatment of related disorders, an alternative
donor can be used in the absence of a fully matched donor.
CSF3R mutation can be used as a marker of an minimal residual
disease in the posttransplant period, and persistent detection can
alter the adoptive immunotherapy strategy in order to prevent
relapse (cyclosporine withdrawal, DLI) (80). Schematically, the
treatment algorithm of CNL is shown in Figure 4. Studies
reporting results on allo-SCT in patients with CNL are
presented in Table 4 (75, 77, 83, 84).
FACTORS WITH PROGNOSTIC
IMPORTANCE FOR ALLOGENEIC STEM
CELL TRANSPLANTATION IN
MYELODYSPLASTIC SYNDROMES/
MYELOPROLIFERATIVE NEOPLASMS

Many studies, particularly when including several decades of
patients, have investigated predictors of outcomes, either simple
factors or prognostic tools, evaluating prognosis in the non-
transplant setting of the disease. The first EBMT study found that
manifestation of grade II–IV acute GVHD and the use of non-T
cell-depleted allografts were associated with longer DFS (27). The
importance of early transplantation was initially pointed out by
the Fred Hutchinson group (31), and when more patients were
analyzed, the only variable associated with a higher NRM and
shorter OS was the Hematopoietic Cell Transplantation-Specific
Comorbidity Index (HCT-CI) (32). The use of posttransplant
DLI as an early manipulation of graft failure and of chimerism
loss has been applied in at least three studies, two from the Mayo
Clinic and one from the King’s College with some successful
results reported (26, 30, 33). The latter group has found as
important prognostic indicators the percentage of BM blasts
(≥5% vs. <5%) and pretransplant cytogenetics (33). Similar
results are reported by the more recent analysis from Fred
Hutchinson on 85 patients, in which the importance of the
HCT-CI was also confirmed. Additional important factors for
survival were pretransplant hematocrit and age, whereas the
MDAPS (7) and a female donor to female recipient were affecting
RR (36).

The groupofMilwaukee analyzing86 transplantedpatientswith
various myeloid malignancies, but none with CMML, found no
impact of patient’s obesity on any outcome, although obese patients
(Body Mass Index (BMI) >30) had longer hospitalization periods
August 2022 | Volume 12 | Article 884723
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(85). The significance of the chronologic period in which
transplantation is performed is easily realizable, since outcomes
are improving over time and supportive treatment becomes more
effective. Thus, in the French study, major determinants for higher
NRM and lower EFS and OS were transplantation before 2004 and
the presence of palpable splenomegaly. In the same analysis, female
patients exhibited significantly higher RR and NRM, and higher
NRM was associated with proliferative CMML and with
pretransplant infections (34). The significance of splenomegaly
was also stressed by a Chinese study on 25 patients of whom,
those with splenomegaly had delayed neutrophil recovery and
higher RR and incidence of chronic GVHD (86). In a later report
from theMayo Clinic, splenomegaly, lower HCT-CI, and allo-SCT
performed≤12months fromdiagnosiswere associatedwith amore
favorable outcome. The small group of MDS/MPN-U, which was
analyzed separately, exhibited somewhat better outcomes
compared to the outcomes of CMML patients (33). In the EBMT
study of 42 aCML patients, patient’s age and the EBMT prognostic
score affected OS, whether RFS was higher in MUD, compared to
MRD allo-SCT (72).

Increased BM fibrosis has also been recognized as an adverse
prognostic factor for DFS and OS, attributed to delayed
engraftment, more common cytogenetic abnormalities, and
unfavorable driver mutations according to a Chinese
Frontiers in Oncology | www.frontiersin.org 8100
retrospective analysis of 239 MDS patients (87). Poor risk
cytogenetics and comorbidities were predictors of worse
outcome in the retrospective analysis of MDACC on a patient
group with MDS and various MDSs/MPNs, exhibiting dismal
prognostic factors, for whom RIC was used (88). In the most
recent report of the same group focusing on CMML, the
outcomes of 83 patients are described, and in multivariate
analysis, <5% BM blasts before allo-SCT, the manifestation of
chronic GVHD, and initial treatment with HMA were
independent predictors of a favorable outcome. In particular,
previous treatment with HMA was associated with lower RR and
longer PFS (36).

The significance of the donor was investigated on a Japanese
group of 159 CMML patients. HLA-matched sibling donor allo-
SCT was associated with longer OS and lower NRM, which was
highest in the recipients of umbilical cord blood grafts, attributed
to delayed neutrophil engraftment (39). In the study from
Heidelberg, unrelated donor allo-SCT and TBI-included
conditioning were associated with better OS, whereas CPSS
could nicely stratify the probability of OS. In this analysis, age
was not a significant factor for OS and no clear benefit was
proven for transplanted patients with lower-risk CPSS over those
not transplanted. However, as in other studies, CPSS could not
predict NRM (42). The impact of GVHD was investigated by two
TABLE 5 | Well-recognized prognostic factors.

At initial diagnosis At transplantation

Age Age
HCT Comorbidity Index HCT Comorbidity Index
Performance status Performance status at transplantation
RBC transfusion dependency RBC transfusion dependency
Palpable splenomegaly Palpable splenomegaly
Lymphadenopathy and other extramedullary disease Lymphadenopathy and other extramedullary disease
Cytogenetic abnormalities IPSS-described Cytogenetic abnormalities IPSS-described
Presence of constitutional symptoms Disease status at transplantation
Gene mutations (ASXL1, RUNX1, SRSF2, JAK2, NRAS vs. TET2) Gene mutations (ASXL1, RUNX1, SRSF2, JAK2, NRAS vs.

TET2)
Trisomy 8 Number of genes mutated
FAB subtype (Dysplastic or Proliferative) FAB subtype (Dysplastic or Proliferative)
Leukocytosis >15 x 109/l/Unstable leukocytosis Leukocytosis > 15 × 109/l
Severity of monocytosis Severity of monocytosis
Peripheral blood lymphocytosis Time interval from diagnosis to transplantation
Presence of circulating blast cells Use of HMA as bridging treatment
Anemia <10 g/dl or severe anemia <8 g/dl Presence of circulating blast cells
Thrombocytopenia <100 × 109/l Anemia <10 g/dl or severe anemia <8 g/dl
Bone Marrow blasts ≥5% Neutropenia <1.5 × 109/l
Elevated serum LDH Thrombocytopenia <100 × 109/l
Elevated serum ferritin levels Bone Marrow blasts ≥5%

Active pretransplant infections
Specific prognostic tools (CPSS, CPSS-mol, Mayo Prognostic Model, MDACC Index,
etc.)

CPSS

MD Anderson Prognostic Index
EBMT Prognostic Score
Increased Bone marrow fibrosis
Myeloablative conditioning
Use of non-T cell-depleted grafts
Donor HLA matching
Donor sex mismatch
Development of acute GVHD (unfavorable)
Development of chronic GVHD (favorable)
August 2022 | Volume 12 | Article 884723
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FIGURE 1 | Recommended treatment algorithm for patients with chronic myelomonocytic leukemia.
FIGURE 2 | Recommended treatment algorithm for patients with juvenile myelomonocytic leukemia. All patients should be considered candidates for allo-SCT.
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Japanese studies of 115 and 141 patients, respectively. In the first,
CMML and Refractory anemia with Excess of Blasts (RAEB)
patients were pooled together (44 with CMML). An RIC regimen
was given to 70% of the patients, and although many of them
were older with poor cytogenetics, exhibited similar 4-year OS.
Factors associated with poorer survival were poor cytogenetics,
BM blasts ≥20% at transplantation, and absence of chronic
GVHD, whereas for high-risk patients, the manifestation of
Frontiers in Oncology | www.frontiersin.org 10102
chronic GVHD was associated with longer survival (89). In the
second study, analysis has been focused on successfully engrafted
CMML patients. Grade I acute GVHD was related to better OS
and lower leukemia-related death in univariate analysis, whereas
in multivariate analysis, extensive chronic GVHD was associated
with significantly better OS and lower leukemia-related death in
patients who were not transplanted in CR (90). In the IBMTR
study, CPSS could only predict OS, which was better in the Low/
FIGURE 3 | Recommended treatment algorithm for patients with atypical chronic myelogenous leukemia. Massive splenomegaly and extreme leukocytosis at the
time of initial diagnosis bear a severely dismal prognosis.
FIGURE 4 | Recommended treatment algorithm for patients with chronic neutrophilic leukemia.
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Intermediate-1 group, and patients with higher CPSS had about
twice as high risk for post-relapse death. On multivariate
analysis, performance status, CPSS, and the type of graft were
independent predictors of DFS and OS (47). In the EBMT study,
besides the impact of the period of transplantation, factors
associated with a longer PFS and OS were disease status at
transplantation (CR vs. no CR) and shorter interval from
diagnosis to allo-SCT. Patients transplanted in CR had lower
probability for NRM, and disease status at transplantation was
the only significant factor for RFS and OS in multivariate
analysis (48).

The significance of specific mutations was initially
investigated by a German group on 45 patients who were
screened for ASXL1, CBL, NRAS, and TET2 gene mutations.
ASXL1 and TET2 were the most commonly mutated genes, but
the type and the number of mutations had no impact on any
outcome. The presence of mutations was used as a marker of
minimal residual disease, and their persistence at 6 months
posttransplant was associated with higher RR (37). Similar
results were obtained by a Chinese study on 59 CMML
patients in which the significance of post-allo-SCT minimal
residual disease detected by both, flow cytometry and by PCR
of the WT1 gene was investigated. Both techniques
demonstrated a high level of prognostic value and could
predict posttransplant relapse. The significance of the presence
of WT1 mutations was not investigated (91).

The Mayo Clinic group compared 4 different prognostic
scores and various clinical and genetic factors, including
common mutations, on 70 transplanted and in 336 non-
transplanted patients. Allo-SCT in other than chronic phase,
abnormal cytogenetics, and neutropenia <1.5 × 109/l were
predictors of worse outcome. No prognostic score or any
mutation had any impact on transplantation outcome. Patients
with proliferative type had significantly longer survival when
transplanted compared to those who were not transplanted (50
vs. 19 months), whereas a similar difference was not observed
among patients with the dysplastic type (23, 24).

In contrast, the Nordic group found that TET2 mutations
were associated with a favorable outcome, whereas ASXL1,
RUNX1, and RAS mutations were associated with worse OS.
Transfusion dependency and higher WBC count before
transplant were also associated with earlier relapse, and
NRAS mutations were linked to poorer survival due to
increased TRM (43). In the more recent analysis of Fred
Hutchinson, relapse was associated with poor cytogenetics,
higher CPSS and MDACC score, and the presence of
pretransplant residual disease, whereas death was associated
with poor cytogenetics, pretransplant residual disease, and
high HCT-CI. Clonal mutations were identified in 40.3% of
the patients, and WT1 and ATRX mutations were associated
with a higher RR and a shorter OS. NRAS and a high number
of mutations (>10 in general or >4 epigenetic mutations) were
also associated with higher RR (40).

Finally, in a recently published cooperative study on 240
CMML patients with a long median follow-up, increased
percentage of BM blasts (>2%), the HCT-CI, and mutations of
Frontiers in Oncology | www.frontiersin.org 11103
the ASXL1 or the KRAS genes were found to retain independent
prognostic significance for OS and RFS. Collecting these factors,
the authors have introduced the first prognostic tool that
addresses specifically CMML patients to be transplanted
(CMML-specific transplantation-specific prognostic score). The
score ranges between 0 and 20 and assigns 1 point to each of the
8 comorbid conditions, described by the HCT-CI, and 4 points to
each of the following three factors: pretransplant BM blasts >2
and the presence of ASXL1 or NRAS mutations. This score was
superior to any previously reported, nicely predicted NRM and
OS by stratifying the patients in 5 groups, with 5-year OS ranging
between 19% and 81%, but has not yet been prospectively
validated (50). Table 5 summarizes the factors that have been
shown to impact prognosis in CMML patients either following a
non-transplant approach or undergoing allo-SCT.
DISCUSSION—CONCLUSIONS AND
CURRENT RECOMMENDATIONS

CMMLandother overlapMDSs/MPNsare challenging therapeutic
problems for the treating physician. As a result of the substantial
disease heterogeneity, he or she has to correctly identify the profile
of the risk factors in each individual patient, evaluate his or her
health background, and appropriately design the interventional
treatment approach (15, 16, 92). For patients younger than 60 and
for those older than 70 years, such approaches are rather easy to be
designed, since by now the only curative intervention remains allo-
SCT, which cannot be applied to very elderly and frail patients (16,
18, 92, 93). Themost challenging decision for the treating physician
concerns patients between 60 and 70 years and few fit patients older
than70years. For this age range, thephysicianneeds todiscriminate
higher-risk features that have beenwell characterized anddescribed
(10, 11).Adiseasemutational profile can greatlyhelp inany casebut
particularly for patients of the seventh decade of their life (20).
Ideally, all patients with CMML and adverse prognostic features
and all patientswith otherMDSs/MPNs, securing an available stem
cell donor should proceed to allo-SCT. Among the adverse
prognostic features, WHO classification-defined CMML-1 or
CMML-2, proliferative type of disease with difficult control of
leukocytosis, presence of splenomegaly, extramedullary disease,
constitutional symptoms, elevated serum LDH and an otherwise
unexplained proinflammatory profile, manifestation of transfusion
dependency, thrombocytopenia and increased marrow fibrosis,
adverse cytogenetics and/or mutation profile, and a high CPSS or
other relevant prognostic score are included (8–11). When eligible
patients have been identified, they should thoroughly be informed
as early as possible and consent for the recommended approach
should be obtained.

When thebasicplanhasbeenorganized, thereare some “technical
issues” that should be resolved. Regarding the best timing, patients
exhibiting the previously mentioned profile should rapidly undergo
allo-SCT after a few months of bridging treatment. The kind of this
treatment (AML-type chemotherapy or HMA) appears not to play a
core role, although there is emerging evidence that HMA should be
preferred inCMMLpatients ofmore advanced age andcytoreductive
August 2022 | Volume 12 | Article 884723
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treatment should be the option for younger CMML patients and for
thosewithotherMDSs/MPNs(36, 92, 93).Forpatientswithanexcess
(>5%) of marrow blasts, achieving a CR before transplant with the
bridging treatment appears to favor a better posttransplant outcome
(18, 22, 40, 43, 49). Another important “technical” issue is
identification of the appropriate donor. Although data analysis
from several studies has not found any significant impact of the
type of donor on the outcome, it appears that this may be valid for
relatively younger patients. For patients withmore advanced age, the
identification of a fully matched donor secures a clearly better
outcome (40). A third “technical” issue concerns the use of the
appropriate conditioning regimen.

For the abovementioned issues, the following basic principles
can be applied. 1) Myeloablative conditioning should be preferred
in younger and fit patients, while for older patients above the age of
65 years or for thosewith significant comorbidities, anRIC regimen
appears to be more suitable. 2) A matched related or unrelated
donor should be used, but in the absence of an available matched
donor, haploidentical or cord blood transplantation should be
considered at least for patients younger than 60 years. 3)
Cytoreductive or HMA treatment should be administered in
symptomatic patients and in those with splenomegaly or with
CMML-1/2 before allo-SCT. For patients without an excess of
marrow blasts, HMA bridging treatment might suffice. Evaluating
patient risk category contributes to better predict several outcomes.
To this endpoint, some of the described adverse prognostic factors
might indeed reflect other already known prognostic factors. For
example, in CMML, splenomegaly and leukocytosis apparently
reflect a proliferative type of the disease, whereas circulating blasts
and BM blasts >5% apparently fit withWHO-defined CMML-1 or
CMML-2. The prognostic ability of CPSS in CMML is a debate.
Some authors found it to be predictable, whereas other did not (23,
24, 35, 47). However, newer prognostic tools have been proposed,
such as the CPSS-mol, the CPSS-P, and the CPSS transplant-
specific, which have incorporated the prognostic importance of
mutations that can predict outcome in transplanted patients, as this
has been shown in several retrospective studies (23, 50, 74, 91, 93).
Using these tools might help to better distinguish the
Frontiers in Oncology | www.frontiersin.org 12104
transplantation risk group. The potentially ideal diagnostic and
therapeutic recommendations for the four different types of
myeloid neoplasia, for which this review is dedicated (CMML,
aCML, JMML, and CNL), according to the authors’ opinion are
shown in Figures 1–4, respectively.

Probably the most important parameter for a successful
transplantation is to help the patients achieve the best possible
disease status before transplantation. To this point, there are newer
targeted treatments besidesHMA,whichhave not yet been tested as
treatment tools. These include ruxolitinib and other JAK inhibitors,
the CPX-351 complex, RAS andHedgehog pathway inhibitors, the
newer approved oral combination decitabine/cedazuridine,
venetoclax, IDH1/IDH2 inhibitors, and other agents. The
application of these agents might induce a better remission status
before transplantation, thus rendering allo-SCT more effective.
However, establishing the most appropriate drug combinations in
each individual patient is a long way, which could be delineated
through theuseof these combinations either as abridging treatment
before transplantation or by incorporating appropriate drugs in the
preparatory conditioning regimens. All of these potential new
directions could only be substantiated through prospective
multicenter randomized trials.
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GLOSSARY

aCML atypical bcr/abl-negative chronic myeloid leukemia
aGVHD acute Graft Versus Host Disease
allo-SCT allogeneic hematopoietic stem cell transplantation
AML acute myelogenous leukemia
ASXL1 Additional Sex Combs Like-1 gene
ATG anti-thymocyte globulin
ATRX Alpha Thalassemia mental Retardation X-linked helicase
BCL2 B-Cell Lymphoma type 2 gene
BM bone marrow
BMI Body Mass Index
BP Blastic Phase
BRAF B-Raf protooncogene, serine/threonine kinase
CALR Calreticulin
CBL Cbl protooncogene, E3ubiquitin kinase
cGVHD chronic Graft Versus Host Disease
CSFR3 ColonyStimulating Factor-3 Receptor
CMML chronic myelomonocytic leukemia
CNL chronic neutrophilic leukemia
CPSS CMML-specific Prognostic Scoring System
CPSS-mol CPSSmolecular
CPSS-P CPSS including platelet count
CR Complete Remission
DFS disease-free survival
DLI donor lymphocyte infusion
DNA DeoxyRibonucleotidic Acid
EB Excess of Blasts
EBMT European Blood and Marrow Transplantation Registry
EFS Event-Free Survival
ETNK1 Ethanolamine kinase 1
EWOG-
MDS

European Working Group on MDS

EZH2 Enhancer of Zeste 2 Polycomb Repressive Complex 2
GVHD graft-versus-host disease
GVL graft-versus-leukemia
HbF fetal hemoglobin
HCT-CI Hematopoietic Cell Transplantation-Specific Comorbidity Index
HMA hypomethylating agent
HLA human leukocyte antigen
JAK2 Janus Kinase type 2
JMML juvenile myelomonocytic leukemia
IBMTR International Blood and Marrow Transplantation Registry
K-M Kaplan-Meier
KRAS KRAS protooncogene GTPase
LDH lactate dehydrogenase
LFS leukemia-free survival
MDACC MD Anderson Cancer Center
MDAPS MD Anderson Prognostic Score
MDS/MPN mixed or hybrid or overlap myelodysplastic syndrome/

myeloproliferative neoplasm
MDS/
MPN-U

myelodysplastic syndrome/myeloproliferative neoplasm
unclassifiable

MEK Mitogen-activated protein Kinase kinase
MMUD mismatched unrelated donor
MPL MPL protooncogene, thrombopoietin receptor
MPN myeloproliferative neoplasm
MRD matched related donor
MUD matched unrelated donor
NF1 Neurofibromatosis type 1 gene
NRAS NRAS protooncogene GTPase
NRM non-relapse mortality
OS overall survival
PB peripheral blood

(Continued)
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PCR Polymerase Chain Reaction
PFS progression-free survival
PTPN11 Protein Tyrosin Phosphatase Non-receptor 11
RAEB refractory anemia with an excess of blasts
RAF Rapidly Accelerated Fibrosarcoma
RAS Rat Sarcoma gene
RFS Relapse-free survival
RIC Reduced Intensity Conditioning
RR relapse rate
RUNX1 Runt-related transcription factor 1
SCT Stem cell transplantation
SETBP1 SET binding protein 1
SOS1 SOS Ras/Rac guanine nucleotide exchange factor 1
SRSF2 Serine andarginine Rich Splicing Factor 2
TBI total body irradiation
TET2 Ten-Eleven Translocation type 2 gene
TLI total lymphoid irradiation
TRM treatment-related mortality
UCB umbilical cord blood
USA United States of America
WBC white blood cell
WHO World Health Organization
WT1 Wilms Tumor 1 gene
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