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ABSTRACT

hronic myelomonocytic leukemia (CMML) is a myeloid neoplasm

characterized by dysplasia, abnormal production and accumula-

tion of monocytic cells and an elevated risk of transforming into
acute leukemia. Over the past two decades, our knowledge about the
pathogenesis and molecular mechanisms in CMML has increased sub-
stantially. In parallel, better diagnostic criteria and therapeutic strategies
have been developed. However, many questions remain regarding prog-
nostication and optimal therapy. In addition, there is a need to define
potential pre-phases of CMML and special CMML variants, and to sepa-
rate these entities from each other and from conditions mimicking
CMML. To address these unmet needs, an international consensus group
met in a Working Conference in August 2018 and discussed open ques-
tions and issues around CMML, its variants, and pre-CMML conditions.
The outcomes of this meeting are summarized herein and include diag-
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nostic criteria and a proposed classification of pre-CMML conditions as well as refined minimal diagnostic
criteria for classical CMML and special CMML variants, including oligomonocytic CMML and CMML
associated with systemic mastocytosis. Moreover, we propose diagnostic standards and tools to distin-
guish between "normal”, pre-CMML and CMML entities. These criteria and standards should facilitate
diagnostic and prognostic evaluations in daily practice and clinical studies in applied hematology.

Introduction

Chronic myelomonocytic leukemia (CMML) is a
myeloid stem cell disease characterized by an abnormal
production and accumulation of monocytic cells, often in
association with other signs of myeloproliferation, sub-
stantial dysplasia in one or more hematopoietic cell line-
ages, and an increased risk of transformation into second-
ary acute myeloid leukemia (AML)."® As per definition,
the Philadelphia chromosome and its related BCR-ABL1
fusion gene are absent in CMML. Other disease-related
drivers, such as the JAK2 mutation V617F or the KIT
mutation D816V, may be detected and may indicate a spe-
cial variant of CMML, such as CMML associated with
systemic mastocytosis (SM-CMML).*® However, most
somatic mutations identified in CMML patients, such as
mutations in SRSF2, TET2, or RAS, are not disease-specif-
ic, but are also detected in myelodysplastic syndromes
(MDS), myeloproliferative neoplasms (MPN), or AML.*"

For many years, CMML was listed as a separate variant
among the MDS in the classification of the French-
American-British (FAB) working group.”” However, in
2001, the World Health Organization (WHO) reclassified
CMML into a newly created MDS/MPN overlap group,
defined by the presence of both MDS-related and MPN-
related morphological and clinical features.” Depending
on the leukocyte count, CMML can be divided into a ‘dys-
plastic’ variant (leukocyte count =13x10°/L) and a ‘prolif-
erative’ variant (leukocyte count >13x10%/L).” In 2001 and
2008, the WHO also proposed a split into CMML-1 and
CMML-2, based on the percentage of blast cells in the
blood and bone marrow (BM).”" In the most recent
updates of the WHO 2016 classification, CMML is again
listed amongst the MDS/MPN overlap disorders.”' Based
on the percentage of blasts, CMML is now divided into
CMML-0, CMML-1, and CMML-2."" Moreover, con-
trasting the 2008 WHO classification, the diagnosis of
CMML now requires both an absolute monocytosis
(=1x10°/L) and relative monocytosis (=10% of leukocytes)
in the peripheral blood (PB).""” In the 2008 and 2016
update of the WHO classification, CMML can only be
diagnosed per definition when rearrangements in
PDGFRA, PDGFRB or FGFR1 genes have been excluded,
and in the 2016 update, the PCAM1-JAK2 fusion gene was
added as an excluding criterion."*** These molecular aber-
rations are commonly found in eosinophilia-associated
neoplasms such as chronic eosinophilic leukemia.”*
However, CMML is also listed as an underlying variant in
these molecular ‘entities” in the WHO classification sys-
tem'20,21

Over the past two decades, our knowledge about the
molecular features and mechanisms in CMML has
increased substantially."""*** Moreover, new diagnostic
criteria, prognostic markers, and therapeutic concepts
have been developed.”” Nevertheless, a number of ques-

tions remain concerning basic diagnostic standards, prog-
nostication, optimal management and therapeutic
options. Furthermore, there is a need to define clinically
relevant pre-phases of CMML and distinct CMML vari-
ants by clinical variables, histomorphological features,
flow cytometric phenotypes, molecular markers and cyto-
genetic findings. It is also important to separate CMML
and pre-CMML conditions from diverse mimickers. To
address these unmet needs, an international consensus
group discussed open questions and issues around
CMML, its variants and pre-CMML entities in a Working
Conference held in August 2018. The outcomes of this
meeting are summarized in this article and include pro-
posed diagnostic criteria and a classification of pre-CMML
conditions as well as updated minimal diagnostic criteria
for CMML and its variants. In addition, diagnostic stan-
dards and diagnostic algorithms are proposed. Details con-
cerning the conference format, pre- and post-conference
discussion and consensus-finding are described in the
Online Supplement.

Definition of CMIML and minimal diagnostic criteria

The diagnostic criteria of CMML, as defined by the
WHO,"" are depicted in Online Supplementary Table S1.
Our faculty is of the opinion that these criteria are valid in
general for the classical form of CMML, but need adjust-
ments for special variants of CMML. Based on consensus
discussion, the following concept is proposed.

The classical form of CMML is defined by the following
pre-requisite criteria: (i) persistent (at least 3 months)
absolute PB monocytosis (=1x10°/L) and relative monocy-
tosis (210% of PB leukocytes); (ii) exclusion of BCR-ABL1*
leukemia, classical MPN and all other hematologic neo-
plasms that may serve as a primary source of monocyto-
sis; and (iii) a blast cell count of 0-19% in PB and/or BM
smears and exclusion of all (other) histopathological, mor-
phological, phenotypic, molecular and cytogenetic signs
that qualify as evidence of AML. In addition, morpholog-
ical and/or histopathological evidence for diagnostic dys-
plasia in one or more of the three major BM cell lineages
(=10% of megakaryocytes and/or erythroid precursor cells
and/or neutrophilic cells) must be present. If dysplasia is
absent or not diagnostic (<10%), the presence of cytoge-
netic or molecular lesions (mutations) typically found in
CMML and/or the presence of CMML-related flow
cytometry abnormalities may be employed as co-criteria
and may lead to the diagnosis of CMML, provided that
the pre-requisite criteria listed above are fulfilled. Pre-req-
uisite criteria and co-criteria of the classical form of
CMML are presented in Table 1.

The exclusion of various reactive states producing
monocytosis (and sometimes even dysplasia) was also dis-
cussed and regarded as being of great importance.
However, these mimickers cannot a priori exclude the
presence of a concomitant CMML, but may indeed occur



Table 1. Minimal diagnostic criteria for classical chronic myelomonocytic leukemia.* ®

A. Prerequisite criteria (all must be fulfilled)

- Persistent (3 months) peripheral blood monocytosis =1x107L and relative monocytosis of =10% of circulating peripheral blood leukoyctes

- Exclusion of BCR-ABLI* leukemia, classical MPN and all other bone marrow neoplasms that could serve as a primary source of chronic
persistent monocytosis

- Blast cell count of <20% in peripheral blood and bone marrow smears and exclusion of all other histopathological, morphological, molecular and
cytogenetic features that count as evidence of the presence of acute myeloid leukemia**

B. Morphological criterion = Dysplasia
- Dysplasia in at least 10% of all cells in one of the following lineages in the bone marrow smear: erythroid; neutrophilic; megakaryocytic

C. Co-criteria (for patients fulfilling A but not B, and otherwise showing typical clinical features of CMML such as splenomegaly)
- Typical chromosome abnormalities by conventional karyotyping or FISH***
- Abnormal findings in histological and/or immunohistochemical studies of bone marrow biopsy sections supporting the diagnosis of CMML****

- Abnormal immunophenotype of bone marrow and blood cells by flow cytometry, with multiple CMML-associated phenotypic aberrancies indicating
the presence of an abnormal/dysplastic population of monocytic and other myeloid cells*****

- Evidence of a clonal population of myeloid cells determined by molecular (sequencing) studies revealing CMML-related mutations™******

*The diagnosis of classical CMML can be established when all prerequisite criteria (A) and either morphological dysplasia (B) or one or more of the co-criteria (C) are fulfilled.
**Examples: Auer rods,overt acute myeloid leukemia (AML) by histology and immunohistochemistry; presence of AML-specific diagnostic cytogenetic and/or molecular mark-
ers (e.g.,inv16). ***Typical cytogenetic abnormalities found in CMML (Online Supplementary Table S6).****Leukemic infiltration of CD14+ monocytes and exclusion of AML.
*xxxJtilizing a cutoff value of >94% MO1 monocytes, phenotyping can identify CMML cases with a sensitivity of >90% and a specificity of >95%,and a decrease in MO3 mono-
cytes is even as diagnostic as an increase in circulating MO1 cells. "5 ******Genes that are often mutated in the context of CMML/MDS include,among others, TET2, SRSF2,
ASXLI and SETBP].The minimal allele burden proposed to count as co-criterion: =10%. CMML: chronic myelomonocytic leukemia; MPN: myeloproliferative neoplasm(s); MDS:

myelodysplastic syndrome(s); FISH: fluorescence in situ hybridization.

in CMML patients in the context of certain infections.
Furthermore, most of these mimickers do not produce
persistent monocytosis. Proof of clonality by molecular
and cytogenetic studies, and other disease-specific param-
eters, together with global and specific laboratory (e.g.,
microbial screen) tests should easily lead to the conclusion
that the patient is suffering from reactive monocytosis but
not from (or also from) CMML.

The a priori exclusion of AML as a criterion should apply
to both the classical and the special variants of CMML,
whereas the a priori exclusion of other indolent
hematopoietic neoplasms should only apply to the classi-
cal variant of CMML and oligomonocytic CMML but not
to other special CMML variants. This is because several
previous and more recent studies have shown that CMML
may be accompanied by (or may accompany) other
myeloid or lymphoid neoplasms, such as systemic masto-
cytosis. In several of these patients, the CMML clone is
dominant and the additional sub-clone is smaller in size
and usually not relevant clinically, even if these smaller
clones express certain driver mutations, such as KIT
D816V or a rearranged PDGFRA or PDGFRB. Rarely, a
Philadelphia chromosome-positive chronic myeloid
leukemia may develop as an additional small-sized
(sub)clone in a patient with CMML. Our faculty is of the
opinion that the presence of additional (chronic) myeloid,
mast cell, or lymphoid neoplasms does not exclude a diag-
nosis of CMML, provided that diagnostic WHO criteria
for CMML are fulfilled. Moreover, these concomitant neo-
plasms should not exclude a diagnosis of CMML even
when the driver of the concomitant disease (e.g., KIT
D816V) is detectable in CMML monocytes. Thus, where-
as the occurrence of AML is always regarded as transfor-
mation of CMML, the occurrence of indolent myeloid,
mast cell, or lymphoid neoplasms should be regarded as
concomitant disorders. Co-existing myeloid neoplasms

and CMML may be derived from the same original
founder clone.

There are also patients in whom a certain driver of
another BM neoplasm is present, such as a mutated JAK2,
PDGFRA/B, or FGFR1, but only the diagnostic criteria for
CMML (not those of the other BM neoplasm) are fulfilled.
Our faculty concludes that these cases should also be
regarded and diagnosed as special variants of CMML. This
strategy is in line with the current WHO classification. In
fact, whereas the primary molecular diagnosis is often
based on a mutated form of JAK2, PDGFRA/B or other
classical driver, the underlying or additional diagnosis may
well be CMML.**!

Grading of CMML

The grading system of CMML proposed by the WHO is
regarded as standard in clinical hematology. Our faculty
recommends the use of this grading system as the initial
prognostic tool in classical CMML. In fact, classical
CMML should be split into CMML-0, CMML-1 and
CMML-2 based on the blast cell count (Online
Supplementary Table S2).°* In addition, CMML can be
divided into a dysplastic variant and a proliferative variant
based on leukocyte counts (threshold: 13x10°/L) (Online
Supplementary Table S2). The resulting grading system
defines six distinct CMML variants with variable clinical
outcome.” However, grading may sometimes be challeng-
ing. For example, blast cell counts obtained from BM
smears may differ from those obtained in the PB so that
the grade is questionable. Our faculty recommends that in
patients in whom results from BM and PB smears would
not fit into one distinct grade of CMML (e.g., BM blasts
4% and PB blasts 6%) grading should be based on the
higher blast cell percentage (Online Supplementary Table
S2). It is worth noting that initial prognostication by grad-
ing does not include all essential prognostic parameters.
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® Table 2. Overview of special variants of chronic myelomonocytic leukemia.

Special variant Key diagnostic features that discriminate the variant from classical CMML

- haematologica | 2019; 104(10)

Oligomonocytic CMML
SM with concomitant CMML = SM-CMML

Absolute PB monocyte count <1x10%L
WHO criteria for SM fulfilled; in most patients CMML monocytes exhibit

KIT D316V

CMML with a concomitant myeloid neoplasm* expressing
a classical MPN- driver, such as JAK2 V617F, BCR-ABLI
or rearranged PDGFRA/B*** or FGFRI.

CMML with expression of a molecular MPN-driver — examples:
CMML with JAK2 V617F or CMML with a rearranged PDGFRA/B or
CMML with rearranged FGFRI.

WHO criteria for a classical MPN, such as CML**, PMF, or a myeloid neoplasm
with rearranged PDGFRA/B are fulfilled in addition to the criteria for CMML.

Molecular drivers of classical MPN, such as JAK2 V617F**** or rearranged
PDGFRA/B*** are found but diagnostic criteria for such classical MPN
are not fulfilled (only criteria for CMML are met)

CMML with a concomitant lymphoid/llymphoproliferative neoplasm

WHO criteria for a lymphoid neoplasm are fulfilled

*These conditions must be separated from MPN with concomitant monocytosis that do not fulfil the diagnostic criteria for CMML.* *Unlike in SM-CMML, in which monocytes
display KIT D816V or CMML with rearranged PDGFRA,the CMML monocytes must not express BCR-ABLI in patients with CML plus CMML. ***Several different translocations
and fusion genes involving PDGFRA or PDGFRB may be detected, such as the t(5;12) associated with the TEL-PDGFRB fusion gene. ****JAK2 V617F itself counts as a feature
of MPN; therefore, detection of JAK2 V617F can confirm the diagnosis of CMML (as MPN/MDS overlap disease) when other signs of myeloproliferation are absent (e.g., no
splenomegaly and no leukocytosis). CMML: chronic myelomonocytic leukemia; PB: peripheral blood; SM: systemic mastocytosis; WHO: World Health Organization; MPN: myelo-

proliferative neoplasm; CML: chronic myeloid leukemia; PMF: primary myelofibrosis.

We therefore recommend that in each case, deeper (full)
prognostication should follow using multiparametric scor-
ing systems (see later). It should be noted, however, that
grading of CMML has only been validated in the classical
form of CMML, not in special CMML variants. Therefore,
although grading is also recommended for special CMML
entities, it is not regarded standard and the result must be
interpreted with caution in these patients.

Special variants of CMML: overview

As mentioned before, the classical form of CMML
meets all pre-requisite criteria, and no signs (including
molecular features) of an additional, concomitant BM
neoplasm are detected. The special variants of CMML
form a heterogeneous group of neoplasms comprising
distinct clinical and biological entities. In one group of
patients, the relative monocyte count (210%) is fulfilled
without resulting in an absolute count =1x10°/L, preclud-
ing the diagnosis of ‘classical CMML. Most of these
patients are diagnosed as having MDS or MPN/MDS-
unclassified by WHO criteria. In another group of
patients, a molecular signature suggestive of a different
type of myeloid neoplasm is detected but only the criteria
for CMML (not those for the other neoplasm) are met.
Such an example is CMML with JAK2 V617F (without
definitive evidence of a concomitant MPN). In a third
group, CMML co-exists with another BM neoplasm, such
as MPN or mastocytosis. In these patients, additional
blood count abnormalities (e.g., eosinophilia), an elevated
serum tryptase level and/or BM fibrosis, may be detected.

All variants of CMML (classical and special) can occur
as a primary CMML or as a secondary CMML following
a ‘mutagenic’ event, such as chemotherapy (therapy-
related CMML). In addition, our faculty is of the opinion,
that the term secondary CMML may also be appropriate
for those patients who develop CMML (months or years)
after another indolent myeloid neoplasm, such as a MDS
or systemic (indolent or aggressive) mastocytosis, had
been diagnosed. In the following paragraphs, the clinical
features and diagnostic criteria of special (atypical) vari-
ants of CMML are proposed and discussed. An overview
of the special variants of CMML is provided in Table 2.

Oligomonocytic CMML

Over the past few years, more and more cases of
cytopenic patients exhibiting relative monocytosis
(=10%) and moderately increased absolute blood mono-
cytes not reaching the required threshold to diagnose
classical CMML (1.0x10°/L) have been described. These
cases have recently been referred to as oligomonocytic
CMML.* According to the WHO classification most of
these patients would be classified as having MDS (with
monocytosis) or perhaps MPN/MDS-unclassifiable.
However, most of these patients exhibit typical features
of CMML, including a typical morphology of PB and BM
cells, splenomegaly, and CMML-related molecular fea-
tures (e.g. mutations in TET2 and SRSF2).** Some of
these patients have prominent BM monocytosis without
diagnostic PB monocytosis at diagnosis.**

Whereas several of these cases remain stable without
progression, the majority will develop ‘overt’ CMML or,
eventually, secondary AML during follow-up. Therefore,
oligomonocytic CMML may also be regarded as a poten-
tial pre-phase of classical CMML. Our faculty is of the
opinion that the term oligomonocytic CMML should be
used in clinical practice. Diagnostic pre-requisite criteria
for oligomonocytic CMML are: (i) persistent (lasting at
least 3 months) absolute peripheral monocytosis of 0.5-
0.9x10°/L and relative blood monocytosis (=10% of blood
leukocytes); (ii) exclusion of BCR-ABL1* leukemia, classi-
cal MPN and all other myeloid neoplasms that can
explain monocytosis; and (iii) a blast cell count of 0-19%
in PB and/or BM smears and exclusion of all histopatho-
logical, morphological, phenotypic, molecular and cyto-
genetic signs that count as proof of AML. Diagnostic dys-
plasia in one or more of the three major BM lineages
(=10%) must also be documented. If dysplasia is lacking
or ‘sub-diagnostic’ (<10%), the presence of cytogenetic or
molecular lesions (mutations) typically found in CMML
and/or the presence of CMML-related flow cytometry
abnormalities, may also lead to the conclusion that the
patient has oligomonocytic CMML provided that the
other diagnostic criteria described above are fulfilled and
all other myeloid neoplasms have been excluded. The
proposed criteria for oligomonocytic CMML are listed in



Table 3. Proposed minimal diagnostic criteria for oligomonocytic chronic myelomonocytic leukemia.*

A. Prerequisite criteria (all must be fulfilled)

- Persistent (3 months) peripheral blood monocytosis 0.5-0.9x10%L and relative monocytosis of =10% of circulating peripheral blood leukoyctes
- Exclusion of BCR-ABLI* leukemia, classical MPN and all other bone marrow neoplasms that could serve as a primary source of chronic

persistent monocytosis

- Blast cell count <20% in peripheral blood and bone marrow smears and exclusion of all other histopathological, morphological, molecular
and cytogenetic features that count as evidence of the presence of acute myeloid leukemia**

B. Morphological criterion = Dysplasia

Dysplasia in at least 10% of all cells in one of the following lineages in the bone marrow smear: erythroid; neutrophilic; megakaryocytic

C. Co-criteria (for patients fulfilling A but not B, and otherwise showing typical clinical features of CMML such as splenomegaly)

- Typical chromosome abnormalities by conventional karyotyping or FISH***

- Abnormal findings in histological and/or immunohistochemical studies of bone marrow biopsy sections supporting the diagnosis of CMML****

- Abnormal immunophenotype of bone marrow and blood cells by flow cytometry, with multiple CMML-associated phenotypic aberrancies indicating
the presence of an abnormal/dysplastic population of monocytic (and other myeloid) cells*****

- Evidence of a clonal population of myeloid cells determined by molecular (sequencing) studies revealing CMML-related mutations™******

*The diagnosis of classical CMML can be established when all prerequisite criteria (A) and either morphological dysplasia (B) or one or more of the co-criteria (C) are fulfilled.
**Examples: Auer rods,overt acute myeloid leukemia (AML) by histology and immunohistochemistry; presence of AML-specific diagnostic cytogenetic and/or molecular mark-
ers (e.g.,inv16). * **Typical cytogenetic abnormalities found in CMML (Online Supplementary Table S6).****Leukemic infiltration of CD14+ monocytes and exclusion of AML.
***++Utilizing a cutoff value of >94% MOT monocytes, phenotyping can identify CMML cases with a sensitivity of >90% and a specificity of >95%,and a decrease in MO3 mono-
cytes is even as diagnostic as an increase in circulating MO1 cells. #1211 ******Genes that are often mutated in the CMML/MDS context include, among other, TET2, SRSF2,
ASXLI and SETBPI.Minimal allele burden proposed to count as a co-criterion: =10%. CMML: chronic myelomonocytic leukemia; MPN: myeloproliferative neoplasm(s); MDS:

myelodysplastic syndrome(s); FISH: fluorescence in situ hybridization.

Table 3. Patients with oligomonocytic CMML should be
managed and followed clinically in the same way as
patients with classical CMML.

CMML associated with KIT D816V* systemic
mastocytosis

According to WHO criteria, systemic mastocytosis
(SM) can be divided into: (i) indolent SM (ISM), which is
assocaiated with a normal life expectancy; (ii) smoldering
SM (SSM), in which signs of BM dysplasia, myeloprolif-
eration and/or splenomegaly are found but survival and
prognosis are still favorable; and (iii) advanced SM,
defined by a poor prognosis.** Advanced SM is further
divided into aggressive SM (ASM), SM with an associated
hematologic neoplasm (SM-AHN) and mast cell leukemia
(MCL).** The most frequent AHN detected in patients
with SM-AHN is CMML.*** In these patients the SM
component of the diseases may present as ISM, ASM or,
rarely, as MCL. Our faculty concludes that diagnostic
WHO criteria for SM and diagnostic criteria for classical
CMML (except exclusion of SM) must be fulfilled to diag-
nose SM-CMML.

Patients with SM may present with monocytosis resem-
bling oligomonocytic CMML. However, the clinical fea-
tures of SSM and advanced SM overlap largely with those
found in patients with oligomonocytic CMML. Especially
in SSM, myeloproliferation, dysplasia and splenomegaly
are diagnostic criteria.®* Therefore, our faculty is of the
opinion that such patients should be classified as having
ISM, SSM or ASM with monocytosis rather than SM with
oligomonocytic CMML.

In patients with CMML, a concomitant SM is often
overlooked, especially when the disease does not present
with cutaneous lesions. In other patients, CMML is diag-

nosed long before SM is detected by chance or after KIT
D816V is identified: even though it is tempting to call
these conditions CMML-SM, our faculty agreed that the
classical terminology should be SM-CMML which is also
in line with the WHO classification®* and that the sub-
type of SM and of CMML should be defined in the final
diagnosis (e.g., ISM-CMML-1 or ASM-CMML-2) with
recognition that in the SM-context, CMML is always
regarded as a secondary neoplasm.** Furthermore our fac-
ulty is of the opinion that it should be standard practice to
examine BM and blood leukocytes for the presence of KIT
D816V in all patients with (suspected) CMML. In almost
all patients with SM-CMML, neoplastic monocytes dis-
play KIT D816V In these monocytes, mutated KIT is not
expressed on the cell surface but acts as a cytoplasmic
driver. In line with this hypothesis drugs targeting KIT
D816V can sometimes induce a major decrease in mono-
cyte counts in patients with ASM-CMML.”

Therapy of SM-CMML should be based on a bi-direc-
tional strategy: in fact the SM component of the disease
should be treated as if no CMML was diagnosed and
CMML should be treated as if no SM had been found,
with recognition of drug-drug interactions and the possi-
bility of drug-induced anaphylaxis.*** In many cases (ISM-
CMML) the SM component of the disease is only treated
symptomatically.*

CMML associated with mutated JAK2, rearranged
PDGFRA/B or other drivers

Patients with CMML may present with the JAK2 muta-
tion V617 a rearranged PDGEFRA or PDGFEFRB, often in
the context of hypereosinophilia, or other drivers related

to distinct hematopoietic neoplasms as defined by the
WHO'5,9711,38—43

Criteria and standards in CMML -
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CMML with rearranged PDGFRA, PDGFRB, FGFR1
or PCM1-JAK2

In these patients, persistent substantial monocytosis
(=1.0x10°/L) is detected and all other consensus criteria for
classical CMML (see previous paragraphs) are also met,
except the following specific exclusion criteria: CMML to
be excluded in the presence of a well-characterized diag-
nosis of myeloid/lymphoid neoplasm with rearranged
PDGFRA, PDGFRB, FGFR1 or PCM1-JAK2 (Table 2).
Except for neglecting the above-mentioned criteria, our
proposal is otherwise fully in agreement with all of the
other tenets postulated by the WHO classification."” In
relation to neoplasms with rearranged PDGFRA/B, FGFR1
or PCM1-JAK2, the WHO’s definition of ‘myeloid/lym-
phoid neoplasms’ is too generic and there is a clinical need
to know whether the underlying myeloid neoplasm is an
aggressive disease, like AML, or a chronic neoplasm such
as CMML or chronic eosinophilic leukemia.*”" Our facul-
ty is of the opinion that (unlike in previous times) the pres-
ence of one criterion-confirmed myeloid neoplasm should
not a priori exclude the presence of another (second con-
comitant) myeloid or lymphoid neoplasm. Hence, when
CMML is encountered in the context of another molecu-
larly defined myeloid/lymphoid neoplasm (as a final diag-
nosis), it should be delineated as a specific subtype of the
myeloid/lymphoid neoplasm with eosinophilia along
with the specific associated gene rearrangement
(PDGFRA/B or FGFR1 or PCM1-JAK2).

CMML with JAK2 V617F

In these patients the situation is different. First, JAK2
V617F itself may be considered as a criterion of myelopro-
liferation in MDS/MPN, e.g. in cases with MDS/MPN
with ring sideroblasts and thrombocytosis. In the context
of CMML, the JAK2 mutation is also typically associated
with other signs of myeloproliferation (including BM
fibrosis) and with the “myeloproliferative variant” of
CMML.*#% Therefore, our faculty concludes that JAK2
V617F should also count as a molecular co-criterion of
MDS/MPN and thus for CMML. Second, the presence of
a JAK2-mutated MPN does not exclude the presence of a
concomitant CMML if diagnostic criteria for both neo-
plasms are fulfilled. If this is not the case because the size
of the MPN-like clone carrying JAK2 V617F is too small
and/or other MPN features are clearly missing, the final
diagnosis will be CMML with JAK2 V617E On the other
hand, in patients in whom the JAK2 allelic burden is high
and clinical and laboratory features argue for an overt
MPN rather than CMML (e.g., polycythemia and/or BM
fibrosis without dysplasia and without molecular or flow
cytometry-based signs of CMML) the final diagnosis will
be JAK2 V617F MPN with monocytosis.” In a third group
of patients, diagnostic criteria for both a distinct MPN and
CMML are fulfilled and the mutation status confirms the
presence of an overt JAKZ-mutated MPN (usually with
high allelic burden). These patients are suffering from
both MPN and CMML or from a gray zone disease dis-
playing hybrid features between MPN and CMML.**
Our faculty concludes that it is therefore important to
measure the JAK2 V617F allele burden in all patients with
CMML.##% Other drivers, such as BCR-ABL1, are rarely
found in patients with CMML. However, although in clas-
sical CMML, the presence of BCR-ABL1 must be exclud-
ed, it may be detected in rare patients, suggesting the exis-
tence of a special variant of CMML (defined by a co-exist-

ing chronic myeloid leukemia). In some of these cases, the
chronic myeloid leukemia clone may be small. In other
patients, however, the chronic myeloid leukemia may
even mask the CMML at the initial diagnosis.*

The management and therapy of patients with special
variants of CMML depend on the subtype of the disease
and the molecular driver involved, e.g., FIP1L1/PDGFRA,
other gene abnormalities involving PDGFRA or PDGFRB,
KIT D816V or JAK2 V617E Therefore, it is of crucial
importance to screen for all these drivers in all patients
with CMML. The type of therapy to consider in these
patients depends on clinical features, the histopathological
diagnosis, the size of the mutated clone(s) and the type of
driver. The type of driver is of considerable importance
since novel treatments directed against these drivers, are
often extremely effective.”™ For example, imatinib can
induce long-lasting molecular and hematologic complete
remissions in patients with FIP1L1/PDGFRA-rearranged
myeloid neoplasms with features of CMML or MPN.**
Even in patients who develop CMML and secondary AML
in the context of FIP1L1/PDGFRA, the disease may
respond to imatinib.” It is, therefore, important to diag-
nose all patients based on molecular markers and to define
the major drivers and therapeutic targets expressed by
malignant cells in order to provide optimal management
and therapy.

CMML associated with lymphoid neoplasms

In a small group of patients with CMML, a co-existing
lymphoproliferative neoplasm is diagnosed, such as a lym-
phocytic leukemia, non-Hodgkin lymphoma or multiple
myeloma.”™® In most patients, the lymphoid neoplasm is
detected first, and CMML is considered to develop as treat-
ment-induced, secondary, leukemia.”” In other patients,
CMML is diagnosed first and later a lymphoid neoplasm is
detected during follow-up.”* It is worth noting that in
patients with CMML, polyclonal hypergammaglobuline-
mia is often recorded: this must be distinguished from the
monoclonal gammopathy of concomitant myeloma, mon-
oclonal gammopathies of undetermined significance and
both low-count and high-count monoclonal B lymphocy-
toses which represent pre-malignant conditions.

The management and treatment of lymphoid neo-
plasms presenting with concomitant (secondary) CMML
is a clinical challenge. In non-transplantable cases, both
diseases require separate treatment plans. Because of the
high risk of transformation to AML, allogeneic
hematopoietic stem cell transplantation should be consid-
ered in young, fit patients, especially when it can be
expected that the lymphoid neoplasm will also be eradi-
cated by this approach.

Treatment-related CMML and other secondary forms
of CMML

Our faculty concluded that both the classical form of
CMML and the special variants of CMML should be
divided into primary (de novo) CMML and secondary
CMML. The latter group includes patients who (i)
received chemotherapy and/or radiation therapy in the
past (therapy-related CMML) or (ii) have a history of a
preceding MDS, MPN or another indolent myeloid or
mast cell neoplasm prior to their diagnosis of
CMML.#7%e64 Recent data suggest that patients with
therapy-related secondary CMML may have shorter over-
all survival compared to that of patients with primary (de



novo) CMML.® Although progression-free survival may
not be different in these patients compared to those with
de novo CMML, some of these patients progress rapidly to
secondary AML. It is also worth noting that patients with
therapy-related secondary CMML have a higher frequen-
cy of karyotypic abnormalities compared to patients with
de novo CMML.” Eligible patients in this group should be
offered allogeneic hematopoietic stem cell transplantation.

Potential pre-phases of CMML

During the past few years evidence has accumulated
suggesting that hematopoietic neoplasms, including MDS,
MPN and MDS/MPN,; develop in a step-wise manner. In
the earliest phases of clonal development, patients present
without overt signs or symptoms of a hematopoietic neo-
plasm but their leukocytes carry one or more somatic
mutations, usually (early, passenger-type) mutations oth-
erwise also found in overt myeloid neoplasms (for exam-
ple TET2 mutations).”” In the context of MDS and other
myeloid neoplasms, these cases have been referred to as
clonal hematopoiesis of indeterminate potential (CHIP),
or, when accompanied by cytopenia, as clonal cytopenia
of unknown significance (CCUS).””* Since these muta-
tions are frequently detected in older individuals, the con-
dition is also called age-related clonal hematopoiesis
(ARCH).*” In a few healthy individuals, bona fide onco-
genic drivers (such as BCR-ABL1) are detected in a small
subset of leukocytes. Because of the oncogenic potential
of these drivers, these conditions are termed clonal
hematopoiesis with oncogenic potential (CHOP).”*”* CHIE,
CCUS and CHOP may also be the earliest clonal condi-
tions preceding CMML. For these cases, the definitions
recently proposed for CHIP, CCUS and CHOP should

apply. 69,71,73

Apart from somatic mutations, other factors, such as
epigenetic modifications, chronic inflammation or aging-
related processes, may also trigger the selection and
expansion of pre-malignant neoplastic clones in myeloid
neoplasms including CMML.”*”® Some of these conditions
may present with persistent monocytosis without signs of
an overt myeloid neoplasm and may represent pre-phases
of overt CMML. In other patients, however, no or another
hematopoietic neoplasm develops during follow-up.
Therefore, our faculty concluded that this pre-phase
should be termed idiopathic monocytosis of unknown sig-
nificance, provided that the following criteria are met: (i)
persistent (at least 3 months) relative (=10%) and absolute
(>0.5x10°/L) monocytosis; (ii) no diagnostic dysplasia and
no signs of myeloproliferation; (iii) no signs and criteria of
a myeloid or other hematopoietic neoplasm fulfilled; (iv)
no flow cytometric abnormalities or somatic mutations
related to a myeloid, mast cell or lymphoid neoplasm
detected in leukocytes; and (v) no reactive condition that
would explain reactive monocytosis is detected (Table 4
and Online Supplementary Table S3). 1f CHIP-like mutations
are found in such patients, but no hematopoietic neo-
plasm can be diagnosed using the WHO criteria, the final
diagnosis changes to clonal monocytosis of unknown sig-
nificance (Online Supplementary Table S3). It is also worth
noting that idiopathic cytopenias of unknown significance
can precede CMML.*”” Especially in patients with idio-
pathic thrombocytopenia of unknown significance, a
CMML may be detected upon deeper investigations or
during follow-up.”” Finally, as mentioned before,
oligomonocytic CMML, although proposed as a special
variant of CMML, must also be regarded as a potential
pre-phase of classical CMML. In this regard it is important
to note that these patients should have a regular follow-up

Table 4. Overview of non-clonal and clonal conditions that may precede chronic myelomonocytic leukemia.

Pre-CMML conditions and comparison to classical CMML

CCUS CHIP/CHOP CMUS 0-CMML CMML
Absolute
monocytosis + +/- +/- +/- + + +
(=0.5x10%L)
Substantial
monocytosis +- - - = +- . +
(=1x107L)
Relative monocytosis + - - - + + +
(>10% of leukocytes)
Dysplasia* - - - = . + +
Cytopenia(s)** - + + - - +/- /-
BM blasts <5% <5% <5% <5% <5% <20% <20%
Flow abnormalities - - +/- +/- - ++ ++
Cytogenetic S FEE +- +- Rk s -
abnormality (=1)
Molecular - - + + kK ++ ++
aberration/s****

Criteria and standards in CMML -

*Atleast 10% of all cells in a given lineage (erythroid, neutrophilic,or megakaryocytic) are dysplastic. * *Persistent cytopenia(s) recorded over a time-period of at least 4 months.
***In a subset of cases,a small clone is detectable by FISH. ****A molecular aberration is defined by CMML/MDS-related mutations and an allele burden of =2%.The working
definition for pre-CMML conditions is also =2% allele burden, whereas the minimal allele burden to count as a co-criterion for CMML is 10%. In most patients with overt CMML,
multiple gene mutations/aberrations are found. ****Here a CHIP-like mutation is detected — if more than one CHIP-like mutations are found the question is whether the final
diagnoses changes to O-CMML. CMML: chronic myelomonocytic leukemia; IMUS: idiopathic monocytosis of unknown (undetermined) significance; ICUS: idiopathic cytopenia
of undetermined significance; CCUS: clonal cytopenia of undetermined significance; CHIP: clonal hematopiesis of indeterminate potential; CCUS, clonal cytopenia of undeter-
mined significance; CMUS: clonal monocytosis of unknown (undetermined) significance; O-CMML: oligomonocytic CMML; MDS: myelodysplastic syndrome; BM: bone marrow;
FISH: fluorescence in situ hybridization.
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with repeated investigations of all disease-related parame-
ters. A summary of non-clonal and clonal conditions
potentially preceding CMML is shown in Table 4. With
regard to criteria delineating non-clonal pre-diagnostic
conditions, like idiopathic cytopenia of undetermined sig-
nificance from the clonal conditions described above
(CHIP, CCUS, CHOP), we refer the reader to the pertinent
literature.*”*”®

Peripheral blood and bone marrow smears:
proposed standards and recommendations

As in other myeloid neoplasms, a thorough examination
of appropriately prepared and stained BM and PB smears is
a crucial diagnostic approach in suspected CMML. It is
standard to examine and count at least 100 leukocytes in
the PB film and 200-500 nucleated cells in well-prepared
thin BM films. BM cellularity, the erythroid-to-myeloid
(E:M) ratio, and the percentage of blast cells (including
monoblasts and promonocytes), monocytes, mast cells,
and other myeloid cells must be recorded (reported) in
each case. As in patients with MDS; at least 10% of cells in
one of the major BM lineages (erythroid and/or neu-
trophilic and/or megakaryocytic) must be dysplastic to
meet the dysplasia criterion for CMML.®* It is also stan-
dard to study well-prepared and appropriately stained PB
smears in CMML and to report the percentage of circulat-
ing monocytes, including normal (mature) and abnormal
(immature) monocytes, blast cells, other immature
myeloid cells, dysplastic (hypogranulated) neutrophils and
other cell types in the PB. Overall, the same standards and
recommendations that count for the evaluation of MDS by
morphology (BM and PB stains)*®* also apply in cases
with (suspected) CMML."*** An important point is the clas-
sification of blast cells and monocytic cells in CMML
(Table 5)."* Blast cell types detectable in CMML include
myeloblasts, monoblasts and also promonocytes (even if
not named blast cells) (Table 5). Monocytes should be clas-
sified as normal (mature) or abnormal (immature)."* The
morphological criteria used to distinguish between these
cell types are presented in Table 5. Together with morphol-
ogy, cytochemical staining for non-specific esterase can
also assist in the cytological delineation between mono-
cytes, monoblasts and promononcytes.”” An important
aspect is that in many patients, megakaryocyte dysplasia is

- P. Valent et al.

better documented and quantified in BM histology sec-
tions than in BM smears. Therefore, megakaryocyte dys-
plasia should only be recorded in BM smears when a suffi-
cient number of these cells can be detected. Finally, the
morphology of mast cells, when detected, should always
be reported using established criteria and standards.”

Bone marrow histology and immunohistochemistry
in CMML

A thorough investigation of an appropriately processed
and stained BM biopsy section by histology and
immunhistochemistry is standard in all cases with known
or suspected CMML or a suspected pre-CMML condi-
tion."*"**** Notably, BM histology and immunhistochem-
istry are essential approaches to confirm the diagnosis of
CMML and to exclude AML and other CMML-mimick-
ers. Moreover, BM histology and immunhistochemistry
may provide important additional information, including
that on BM fibrosis, focal accumulations of blast cells,
increased angiogenesis, atypical (dysplastic) megakary-
ocytes, a hypocellular BM or concomitant mastocytosis
(Online Supplementary Table $4).5%* The evaluation and
enumeration of CD14" monocytes, CD34* progenitor
cells and CD117+/KIT* cells (progenitors and mast cells)
by immunhistochemistry in BM biopsy sections repre-
sent an integral part of the diagnostic assessment. These
approaches can also prevent diagnostic errors. For exam-
ple, when the smear is of suboptimal quality, a prelimi-
nary diagnosis of CMML may change to AML based on
BM histology and CD34 immunhistochemistry.

BM biopsy specimens are usually taken from the iliac
crest and should be of adequate length (=2 cm). The spec-
imen should be fixed in neutral formalin (or alternative
standard fixation), decalcified in EDTA (for at least 8 h) or
by alternative standard decalcification, and embedded in
paraffin-wax. Ideally 2-3 um thin sections should be pre-
pared. Routine stains include hematoxylin-eosin, Giemsa,
Prussian blue, AS-D chloroacetate esterase, toluidine blue
and silver impregnation (Gémori’s stain). BM cellularity
should be measured and reported according to published
standards.”® For routine purposes, the pathologist should
determine the cellularity as ‘normocellular’, ‘hypocellu-
lar’, or ‘hypercellular’, based on an age-adapted esti-
mate.” The presence of variable degrees of BM fibrosis

Table 5. Classification of blast cells and monocytes in patients with chronic myelomonocytic leukemia.

Cell type Nuclear shape Chromatin Cytoplasm Size relative to
mature monocytes

Blast cells:

Myeloblast Round/oval Fine with nucleoli Basophilic, rare or no granules Smaller

Monoblast Round/oval Delicate/lace-like, nucleoli Basophilic, rare azurophilic granules Large (20-30 uM)

Promonocyte Convoluted/indented* Delicate/lace-like, Variably basophilic, variably azurophilic Large
nucleoli granules

Monocytes:

Abnormal/immature Convoluted/indented More condensed, rare nucleoli Intermediate basophilic** Smaller

monocyte

Mature monocyte Lobulated/ indented

Condensed, no nucleoli

Gray or pinkish with occasional =
azurophilic granules
and vacuoles

*The most important feature discriminating promonocytes from monoblasts. * *Less basophilic than promonocytes and more basophilic than mature monocytes.
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(usually mild to moderate) has been reported in CMML
cases, with several recent studies attempting to determine
the prognostic value of this finding.”**" Indeed, although
the data are not yet conclusive, the presence of marrow
fibrosis in CMML seems to be of prognostic impor-
tance~42,90,91

The application of immunhistochemical markers is rec-
ommended in all patients with (suspected) CMML. The
minimal immunohistochemistry panel includes CD14
(monocytes), CD34 (progenitors), CD117/KIT (progeni-
tors and mast cells), tryptase (mast cells), and a megakary-
ocyte marker (CD41, CD42 or CD61) (Online
Supplementary Table S5).°% In unclear cases or when a
co-existing (second) BM neoplasm is suspected, addition-
al lineage-specific antibodies such as CD3, CD20, or
CD25 (suspected mastocytosis) should be applied (Online
Supplementary Table S4). When employing CD34 as a pro-
genitor-related immunhistochemical marker, it is impor-
tant to know that endothelial cells also express this anti-
gen. Another important point is that blasts may some-
times be CD34-negative. In such cases, KIT/CD117 is
applied as an alternative marker (Online Supplementary

Table 6. Commonly mutated genes detectable in patients with classical
chronic myelomonocytic leukemia.

Clinical
impact

Relative frequency
in CMML

Gene class
and function

Gene name

abbreviation

ASXLI Epigenetic regulation 40%* Poor prognosis**
Histone modification CHIP/ARCH***
EZH? Epigenetic regulation 5%
Histone modification
TET2 Epigenetic regulation 60%* CHIP/ARCH***
DNA methylation
DNMT3A Epigenetic regulation 5% Poor prognosis**
DNA methylation CHIP/ARCH***
IDHI Epigenetic regulation 1% Drug target
IDH2 Epigenetic regulation 5-10% Drug target
CBL Signaling 15% RAS pathway
NRAS Signaling 15% Poor prognosis**
RAS pathway
KRAS Signaling 10% RAS pathway
PTPNII Signaling 5% RAS pathway
FLT3 Signaling <5% AML-related
Drug target
SRSF2 Pre—mRNA splicing 50%*
SF3BI Pre—mRNA splicing 5-10%
U2AF1 Pre—mRNA splicing 5-10%
ZRSR2 Pre-mRNA splicing 5%
RUNXI Gene transcription 15% Poor prognosis**
AML-related
SETBPI Gene transcription 15% Poor prognosis**
TP53 DNA damage 1% Poor prognosis**
PHF6 Chromatin adaptor 5%

*These mutations can be regarded as CMML-related mutations, but only SRSF2 mutations do
not, in addition, also count as classical CHIP/ARCH mutations. * *Mutations in these genes are
independent adverse prognostic factors regarding survival in CMML. ***These genes are fre-
quently detected in individuals with clonal hematopoiesis of indeterminate potential (CHIP)
also known as age-related clonal hematopoiesis (ARCH). Therefore, the diagnostic impact of
these mutations may be regarded as somehow lower compared to that of other (CMML-related
and other) mutations. CMML: chronic myelomonocytic leukemia; AML: acute myeloid
leukemia.

Table S4). For the immunohistochemical detection of
monocytic cells, CD14 is a preferred antigen.”"* Tryptase
and CD117 are useful immunhistochemistry markers for
detecting and quantifying mast cells.”” When spindle-
shaped mast cells form compact clusters in the BM and
express CD25, these cells usually also display KIT D816V
—in these cases the final diagnosis is always SM-CMML.”
In other cases, the pathologist will ask for JAK2 V617F,
based on an abnormal morphology and distribution of
megakaryocytes. As in MDS, megakaryocytes may also
express CD34 in patients with CMML.

Karyotyping in CMML: current recommendations and
standards

Clonal cytogenetic abnormalities are detected in 20-
30% of all patients with CMML. The most frequently
identified aberrations are trisomy 8, abnormalities of chro-
mosome 7 (especially monosomy 7 and deletion of 7q),
and loss of the Y chromosome (-Y) (Online Supplementary
Table S6).*” Compared to MDS, isolated del(5q) and com-
plex abnormal karyotypes are rarely detected in CMML.
Our faculty is of the opinion that conventional karyotyp-
ing of BM cells should be performed in all patients with
known or suspected CMML or a suspected pre-CMML
condition. At least 20 metaphases should be examined.”
In the case of a clear-cut result, even 10-20 metaphases
may be sufficient to define the karyogram. Reporting of
karyotypes should be performed using the International
System for Human Cytogenetic Nomenclature (ISCN)
guidelines.” A clone is defined by two or more metaphas-
es showing the same gain or structural rearrangement
(deletion, inversion, translocation) of chromosomal mate-
rial or at least three metaphases showing a monosomy of
the same chromosome.” Several of the cytogenetic anom-
alies in CMML may be difficult to detect by conventional
karyotyping. Therefore, we are of the opinion that fluo-
rescence in situ hybridization (FISH) should be performed
in all patients with (suspected) CMML, at least in those in
whom no karyotype anomaly was detected by conven-
tional karyotyping. The FISH probes should cover all rele-
vant regions, including 5g31, cep7, 7q31, 20q, cep8, cepY
and p53. Special consideration should be directed to cryp-
tic deletions of TET2 (in 4q24), NF1 (17q11), and ETVé
(12p13) which can occur in up to 10% of CMML patients'
and are only detectable by interphase FISH (Online
Supplementary Table Sé). It is worth noting that NF1 dele-
tions may occur during progression/karyotype evolution
in CMML. The limitation of FISH is that is does not detect
all karyotypic abnormalities. In some patients with
CMML, clonal evolution is found. Subclones are defined
by additional chromosomal defects (apart from the pri-
mary chromosomal defect) in at least two cells (or 3 cells
for monosomies) and the absence of these additional chro-
mosomal defects in the other clonal cells.” A complex
karyotype is defined by at least three chromosome defects
in one clone.” As in MDS, a complex karyotype in CMML
is indicative of a poor prognosis. Overall, cytogenetic
studies are of prognostic significance in CMML and have
been used to optimize prognostic scoring systems.”'"'” In
some patients with CMML, clonal evolution is observed
over time and may then also be an adverse prognostic
sign. Therefore, we recommend that chromosome analy-
ses are performed each time a BM investigation is done in
the follow-up in order to detect (or exclude) clonal evolu-
tion.

Criteria and standards in CMML -
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Mutation profiles in CMML: current standards and lim-
itations

Somatic mutations are detectable in the vast majority of
patients with CMML.*>"""*'* The clonal architecture, clone
sizes and clonal evolution patterns vary from patient to
patient.""® In some cases, initially small clones expand
over time. It is, therefore, standard to apply next-genera-
tion sequencing assays with sufficient sensitivity to iden-
tify bona fide somatic mutations associated with CMML.
The most frequently detected somatic mutations in
CMML are mutations in TET2 (60%), SRSF2 (50%), and
ASXL1 (40%) (Table 6).'%" The presence of a SRSF2
mutation, particularly in combination with mutated TET2,
correlates strongly with a CMML phenotype.®'*"° It is
also worth noting that two of these mutations (TET2,
ASXL1) are also known as CHIP/ARCH-related muta-
tions. However, only mutated ASXL1 has been associated
with a poor prognosis in CMML."*'* An overview of
somatic mutations recurrently detected in CMML is pro-
vided in Table 6. Somatic mutations with independent
prognostic impact include several RAS-pathway muta-
tions as well as mutations in ASXL1, RUNX1 and SETBP1
(Table 6).*"*"" RAS-pathway mutations trigger cell signal-
ing and proliferation and have been associated with
cytokine-independent growth of CMML progenitor cells,
the proliferative variant of CMML, AML transformation
and poor survival.'*?*'" " QOther driver mutations
involved in cell signaling, such as JAK2 V617F or KIT
D816V, are also major triggers of cellular differentiation
(Online Supplementary Table S7). These drivers alone can-
not induce transformation, but they may act together with
other (e.g., ‘RAS pathway’) mutations to cause disease
progression. Whereas JAK2 V617F is a strong indicator of
MPN-like differentiation, the presence of KIT D816V is
almost always associated with concomitant mast cell dif-
ferentiation and mastocytosis (SM-CMML).®#%%%%% The
other mutations found in CMML act as modulators of epi-
genetic events and transcription (e.g., ASXL1) or DNA
methylation (e.g., TET2), as regulators of the spliceosome
machinery (e.g., SRSF2), or as modulators of the DNA
damage response, such as TP53 (Table 6). During progres-
sion of CMML to secondary AML and especially during
therapy, the mutational landscape(s) and clonal architec-
ture(s) may change.'”"" For example initially small clones
may expand and may be selected because of resistance-
mediating molecular features. It is worth noting that sev-
eral mutated gene products also serve as potential targets
of therapy (Table 6).

Our faculty recommends that next-generation sequenc-
ing studies should be regarded as a standard approach in
all patients with suspected or known CMML as well as in
patients with idiopathic monocytosis of unknown signifi-

cance and in those with persistent reactive monocytosis
(in order to exclude an additional clonal component).
When a CMML-related mutation is found in an individual
with idiopathic monocytosis of unknown significance or
reactive monocytosis, the diagnosis may change to clonal
monocytosis of unknown significance or oligomonocytic
CMML, depending on additional findings.

Our faculty also recommends that the next-generation
sequencing assay should have sufficient sensitivity (to
detect 2-5% clonal cells) and should cover all relevant
lesions shown in Table 6. In the context of CHIP/ARCH,
a cutoff variant allele frequency of 2% is considered diag-
nostic,” whereas in the context of CMML, we propose
10% as the variant allele frequency diagnostic cut off and
thus marker to count as a co-criterion of CMML when,
for example, no diagnostic morphological dysplasia can
be documented (Tables 1 and 3), similar to the definition
in MDS.”"”* Determining the variant allele frequency is
also useful for documenting the clinical impact of certain
driver lesions in special CMML variants (e.g., with JAK2
V617F or KIT D816V) and clone expansion during follow-
up. Therefore, our faculty recommends that molecular
studies in CMML should report variant allele frequencies
with sufficient precision and sufficient sensitivity — in the
same way as in MDS.” Finally, our faculty recommends
that molecular markers should increasingly be used to
optimize prognostic scoring systems in CMML.""**

Flow cytometry in CMML: standards and limitations
Flow cytometry studies are an essential diagnostic tool
in patients with (suspected) classical CMML, pre-CMML
conditions and special CMML variants.”** Therefore,
our faculty is of the opinion that it is standard practice to
perform multi-color flow cytometry (MFC) in the PB and
BM in all cases with suspected or known CMML or a sus-
pected pre-CMML condition. MEC studies are helpful to
confirm the monocyte and blast cell counts in these
patients and to exclude AML. In addition, MEC is useful
to confirm the presence of distinct monocyte popula-
tions. Monocytes are defined as CD14" cells in these
analyses. Based on the expression of CD14 and CD16,
monocytes are further divided into classical (MO1)
monocytes (CD14*¢/CD167), intermediate (MO2)
monocytes (CD14*#/CD16") and non-classical (MOS3)
monocytes (CD14%"/CD16%) (Table 7).””"**** Compared
to age-matched healthy donors'™ and patients with reac-
tive monocytosis, but also myeloid neoplasms other than
CMML (even MDS), the percentages of MO1 monocytes
in the PB are higher and the percentage of MO3 mono-
cytes is lower in patients with CMML."”*"** When the
absolute monocyte count is increased in the PB, a cutoff
value of >94% MO1 monocytes, based on their

Table 7. Phenotypic classification of monocytes and distribution of monocyte subsets in patients with chronic myelomonocytic leukemia and in

controls.*

Typical relative frequency in:
Monocyte-subset Defining phenotype MDS or MPN Reactive BM
Classical (MO1) CD14*/CD16- =94% 70-97% <94%
Intermediate (MO2) CD14#YCD16* <20% 5-20% 5-15%
Non-classical (MO3) CD14%/CD16* <5% 5-10% 5-20%

*Data refer to published results presented in references #125 through #132. CMML: chronic myelomonocytic leukemia; MDS: myelodysplastic syndrome; MPN: myeloprolifera-

tive neoplasm; BM: bone marrow.



immunophenotype, can identify CMML with a sensitivi-
ty of >90% and a specificity of >95%."""***' Moreover,
during successful therapy, the distribution of MO1, MO2,
and MO8 monocytes changes back to near normal or nor-
mal.”® Therefore, our faculty recommends that the per-
centages of MO1 monocytes are quantified in the PB by
MEFC in all cases with suspected or known CMML at
diagnosis and during follow-up.

In many cases with CMML, neoplastic monocytes
aberrantly display CD2, CD5, CD10, CD23, and/or
CD56.7 Of all aberrantly expressed surface markers,
CD56 is most commonly detected on CMML
monocytes.” " CD5 is only (very) weakly expressed on
neoplastic monocytes in most cases with CMML. The
most frequently underexpressed antigens may be CD14
and CD15. Overall, however, the use of decreased
expression of these markers as a diagnostic test in CMML
is limited by a relatively low sensitivity. An abnormal
monocyte immunophenotype is also seen in other
myeloid neoplasms, including MDS. On the other hand,
phenotypically aberrant monocytes (as described above)
are typically neoplastic cells (unless the patient has been
treated with growth factors). Therefore, our faculty rec-
ommends that MFC studies in patients with (suspected)
CMML employ antibodies directed against aberrantly
expressed surface markers, including CD2 and CD56.
Additionally, as mentioned before, several surface mark-
ers are ‘under-expressed’ on CMML monocytes com-
pared to their levels on normal blood monocytes. These
antigens include, among others, CD13, CD14, CD15,
CD33, CD38, CD45, and CD64.12 24251

Other cell types may also express aberrant markers
detectable by MFC in CMML. For example, myeloid pro-
genitor cells may express CD56 in CMML and often
exhibit the same phenotypic abnormalities as in MDS;
this also holds true for neutrophils and erythroid cells
(Online Supplementary Table S8). Other cell types that may
show aberrant phenotypes are dendritic cells and mast
cells. Mast cells are of particular importance as these cells
may be indicative of the presence of a concomitant mas-
tocytosis (SM-CMML). In these cases, mast cells almost
invariably express CD25 in MFC analyses (Online
Supplementary Table S8).**" Overall, our faculty is of the
opinion that MFC studies should be performed on mono-
cyte subsets, myeloid progenitors, neutrophils, erythroid
cells and mast cells in (suspected) CMML. An overview of
immunophenotypic aberrancies detectable in CMML is
given in Online Supplementary Table S8.

Differential diagnoses of CMML: reactive and clonal
mimickers

A number of conditions can mimick CMML and must
be taken into account when patients with unexplained
monocytosis are evaluated. Reactive disorders mimicking
CMML include certain chronic bacterial infections (exam-
ples: tuberculosis or subacute endomyocarditis), fungal
infections, chronic auto-immune processes and non-
hematologic neoplasms. There are also hematologic
malignancies that may present as a CMML-like disease.
For example, Philadelphia chromosome-positive chronic
myeloid leukemia usually presents with (absolute) mono-
cytosis and can also show signs of dysplasia. Particularly
high monocyte counts are recorded in chronic myeloid
leukemia cases expressing BCR-ABL1,. When cryptic
variants of BCR-ABL1 are expressed by leukemic cells, it

Criteria and standards in CMML -

can be difficult to exclude CMML. Myeloid neoplasms
(MDS or MPN) in progression and myelomonocytic or
monocytic AML may also resemble CMML. The reactive
and clonal mimickers of CMML are listed in Omnline
Supplementary Table S9.

Scoring systems in CMML: recommended standards

Although several prognostic variables have been identi-
fied in CMML regarding survival and AML evolution,
accurate prediction of the clinical course and survival
remains a clinical challenge. A first step in prognostication
is grading into CMML-0, CMML-1 and CMML-2. To
delineate the prognosis in CMML more accurately, a num-
ber of scoring systems have been developed in the
past.””'7#454% ntil 2012, the International Prognostic
Scoring System (IPSS) served as the gold standard for
prognostication in MDS and (dysplastic) CMML.**

However, a number of more specific scoring systemic
taking CMML-related features into account have also
been proposed.'”"?*"**® During the past few years,
researchers have successfully started to integrate cytoge-
netic and molecular variables into these scoring models."”
' Our faculty concludes that these novel approaches
should be followed and developed into clinical applica-
tion.

Management strategies and therapeutic options
in CMML

Several new treatment strategies for CMML have been
developed during the past 15 years. A detailed description
of therapeutic options is beyond the scope of this article.
The reader is referred to a series of excellent published
review articles.”*** A disappointing fact is that all drug
therapies are still non-curative. The only curative therapy
in CMML remains allogeneic hematopoietic stem cell
transplantation."”'* For most young and eligible patients
with acceptable transplant-related risk, allogeneic
hematopoietic stem cell transplantation is therefore rec-
ommended. All other forms of treatment are cytoreduc-
tive, experimental or palliative in nature. Some of these
drugs, such as the hypomethylating agents (5-azacytidine,
decitabine) may induce long-term disease control in a sub-
set of patients with classical CMML.¥** In general,
cytoreductive and palliative drugs should be used accord-
ing to available recommendations provided by major soci-
eties."™"* Similarly, treatment response assessment should
be performed in line with available (accepted) guide-
lines.145,150

Specific therapy may work in those patients who suffer
from a special variant of CMML. For example, in CMML
patients with a transforming PDGFRA/B mutation, treat-
ment with imatinib or other similar tyrosine kinase
inhibitor usually induces major responses or even long-
lasting remissions.”**" In patients with SM-CMML,
midostaurin may result in disease control, especially when
the CMML portion of the disease exhibits KIT D816V.
However, in many cases, relapses occur. Treatment
options in CMML and its variants are summarized in
Ounline Supplementary Table S10.

Concluding remarks and future perspectives

CMML is a unique and rare hematopoietic neoplasm
with a complex biology and pathology. In the past 10
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