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Abstract

Chronic myelomonocytic leukemia (CMML) is an aggressive clonal stem cell disorder categorized among myelodysplastic/
myeloproliferative overlap neoplasms. While sharing features with both myelodysplastic syndromes and myeloproliferative
neoplasms, CMML has distinct molecular and clinical profiles. The presence of CMML-specific prognostic models, response
criteria, and dedicated clinical trials underscores a unique and complex biology. Age-related changes affecting the bone
marrow microenvironment, immune responses, and the intricate balance between epigenetic deregulation and proinflam-
matory signaling are characteristic of this disease, collectively posing significant scientific and clinical challenges in its
management. CMML is an aging-related, clinically heterogeneous neoplasm with limited approved therapeutic options,
representing an area of unmet medical need. This review offers a comprehensive analysis of the current understanding of
the molecular mechanisms driving CMML evolution and its clinical manifestations within the ever-evolving landscape of
precision medicine. In light of the most recent molecular discoveries, we highlight the shortcomings of existing therapies
and underscore promising investigational agents. Many of the biological findings discussed are shared across a spectrum
of acute and chronic myeloid neoplasms, as well as clonal hematopoiesis, broadening the scope of this review.

Agillg and myeloid malignancies stem cells (HSC) steadily accumulate mutations (mean of
17 per year after birth).” While most are inconsequential,

In addition to sustained peripheral blood monocytosis and between one in 34 and one in 12 non-synonymous muta-
bone marrow dysplasia' (Figure 1), CMML is associated with tions provide a selective advantage and drive clonal expan-
an inherent risk of transformation to secondary acute my- sion by cell-intrinsic and extrinsic selection pressures.’®
eloid leukemia (AML) of about 15-20% over 3 to 5 years.? Driver mutations commonly occur in leukemia genes, and
Like patients with AML, patients with CMML have about lead to clonal hematopoiesis of indeterminate potential
10-15 mutations per kilobase of coding DNA. Although this (CHIP) when such mutations can be detected at a variant
is several-fold lower than in other malignancies (melanoma allele fraction of 22%, in the absence of blood count ab-
~1,000, lung cancer ~150),** CMML has a very heterogeneous normalities. There is significant overlap between clonal
clinical course.* While only ASXLT mutations reproducibly pre- hematopoiesis mutations and CMML driver mutations, with
dict inferior outcomes in CMML,® higher levels of interleukin  the majority of CMML patients showing mutations in >2
(IL)-10 (human cytokine synthesis inhibitory factor) have also clonal hematopoiesis-associated genes (e.g., ASXL1, TET2,
been shown to improve prognosis,® emphasizing a complex SRSF2). This suggests that in most cases, CMML develops
pathophysiology that extends beyond somatic alterations, on the background of age-related clonal hematopoiesis,
including cytokine diversity and epigenetic deregulation.® with subsequent mutations shaping the CMML phenotype
Among all hematologic neoplasms, CMML displays the and AML transformation rates.®

most striking skewing towards older age with a median Oxidative stress, telomere shortening, and activation of
age at presentation of >70 years? Aging hematopoietic tumor suppressor genes all contribute to an abrupt re-
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duction in the diversity of the HSC pool, such that by the
age of 70 years, most peripheral blood cells are derived
from only 10-20 HSC clones.” Interestingly, only 20% of
the HSC clones remaining in people aged >70 years have
identifiable mutations in known driver genes.” While CHIP
is associated with an increased risk of developing hema-
tologic malignancies,°™ the more prevalent, presumed
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“driverless” clonal expansions noted in the elderly, might
underlie other blood- and immune-related signs of ag-
ing®"® Notably, while CHIP is present in >90% of individ-
uals =285 years,® hematologic malignancies continue to
be a rare entity, supporting the hypothesis that extrinsic
non-cell-autonomous mechanisms are pivotal in shaping
the natural history of CHIP.
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Figure 1. Morphological and immunophenotypic characteristics of chronic myelomonocytic leukemia. Peripheral blood and bone
marrow morphology, immunohistochemistry, and cytochemical analysis in chronic myelomonocytic leukemia (CMML). (A) Wright-Gi-
emsa x200 magnification. Peripheral blood smear of a patient with CMML demonstrating promonocytes (bold arrow) along with
dysplastic neutrophils (gray arrow). (B) Monocyte repartitioning flow cytometry demonstrating a normal MO1 fraction (classical
monocytes, CD14*, CD167) in a healthy control (~80%), while the right scatter plot shows an expanded MO01 fraction (>94%) con-
sidered characteristic for a diagnosis of CMML. (C) Bone marrow core biopsy of a patient with CMML demonstrating a plasmacy-
toid dendritic cell nodule/aggregate (black circle). (D) Image at a higher magnification showing the same nodule brightly positive
for CD123 by immunohistochemistry (x1,000 magnification). (E) Cytochemistry on a bone marrow aspirate in a patient with CMML
using a dual esterase stain (a-naphthyl butyrate esterase and choloroacetate esterase) demonstrating dysplastic monocytes
taking up both colors (blue and brick red). Normal granulocytes stain bright blue, while normal monocytes stain brick red (x400

maghnification).
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Epigenetic/splicing dysregulation in
chronic myelomonocytic leukemia

Somatic mosaicisms form the structural background in >90%
of CMML patients.®"” Recurrently mutated genes include epi-
genetic regulators (TET2 ~50% and ASXL1~40%), spliceosome
components (SRSF2 ~50%) and cell signaling pathways (RAS
~30% and CBL ~15%)®?" (Figure 2A). While these mutations
are not exclusive to CMML and can be found across the
spectrum of acute and chronic myeloid neoplasms as well
as CHIP, specific mutations can define a dysplastic or a more
aggressive proliferative phenotype (Figure 2B-D). In addition,
studies in larger cohorts have highlighted that a pattern
of TET2-SRSF2 (~46%) co-mutations,?> as well as biallelic
TET2 mutations/alterations (biTET2, ~45%), are commonly
identified in CMML, secondary to granulocyte-monocyte
progenitor (GMP)-biased hematopoesis.?? These events oc-
cur either when a secondary TET2 variant is subclonal to an
ancestral TET2 variant or following loss of heterozygosity at
4q24.2° Notably, truncating TET2 variants are more likely to
occur in the context of biTET2,% highlighting that clonal se-
lection for a complete loss of TET2 plays an important role
in the evolution of CMML. At the protein level, TET2 plays a
pleiotropic role in hematopoiesis, with mutations found in
both myeloid and lymphoid malignancies. TET2 initiates DNA
demethylation and regulates chromatin modifications at re-
gions critical for lineage commitment and differentiation of
HSC and progenitor cells.?* In murine models, loss of Tet2 (in
particular, the catalytic domain?) induces a strong myeloid
bias? (Figure 3), with increased accessibility at enhancers of
pro-myeloid differentiation genes thought to contribute to
this phenotype.?” The strong myeloid bias induced by TET2
variants is also recapitulated in patients, as suggested by the
observation that, at single-cell resolution, TET2 mutations
mostly expand in the myeloid lineage.®

Variants in SRSF2, a component of the spliceosome ma-
chinery, are the second most common ancestral variants in
CMML, and also promote a myeloid bias (Figure 3). Mutations
at the hotspot proline residue 95 (P95) alter messenger
RNA (mRNA) splicing by changing the RNA binding affinity of
SRSF2, leading to mis-regulation of exon inclusion.” These
variants, however, lead to only modest changes in global mRNA
splicing. Even if a subset of mis-spliced transcripts has been
proposed to be relevant for myelodysplastic syndromes,?°-*'
the molecular mechanisms whereby SRSF2 variants are
implicated in MDS and CMML remain elusive. Using a condi-
tional murine model of Srsf2P°%" it was shown that Srsf2PesH/+
native chimeras showed clonal expansion at the expense of
wild-type HSC only when transplanted into lethally irradi-
ated recipients without an external competitor, suggesting
that the specific characteristics of a microenvironment that
is aged matched to the HSC plays a crucial role in allowing
this variant to establish clonal dominance.® In addition,
Srsf2PeH* mice were observed to develop monocytosis and
dysplastic neutrophils on aging (~12 months after induction
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of the recombinant allele), and eventually succumbed to a
myeloproliferative disorder characterized by the presence of
additional somatic mutations observed in CMML, including
Ras pathway mutations.3?

Among all the epigenetic drivers, truncating ASXLT variants
are associated with adverse outcomes in CMML, proliferative
disease features (Figure 2B), and resistance to epigenetic
therapies.® Most ASXL7 variants are frameshift or nonsense
mutations in exon 12 (last exon) resulting in truncation of the
protein at the C-terminus and loss of the plant homeodomain
(PHD).®® ASXLT mutations have been shown to cause both loss
of polycomb repressive complex 2 (PRC2)-mediated histone
methylation (H3K27me3) at HOXA cluster genes,* and loss
of polycomb repressive complex 1 (PRC1)-mediated histone
deubiquitination (H2AK119Ub).353¢

Given the complex ASXL1 interactions, our group attempted to
further define the role of ASXL1in CMML by interrogating the
genome, transcriptome, and epigenome of wild-type ASXL7
versus truncating ASXL7-mutated primary CMML samples. We
found that ASXL7-mutated patients gained accessibility at
several enhancers enriched in ETS and BRD4 complex motifs,
with upregulation in genes involved in cell cycle progression,
DNA replication, and leukemogenesis.*”

Signaling pathway mutations in
chronic myelomonocytic leukemia

Signaling mutations are frequent in CMML and are usually
associated with myeloproliferative features (so-called pro-
liferative CMML).% These are largely dominated by oncogenic
RAS pathway mutations (>70%; NRAS, CBL, PTPN11, KRAS, NFT,
BRAF) but also include JAK2V®"F, FLT3 and CSF3R. The latter
two are very infrequent, with the presence of an FLT3-internal
tandem duplication usually heralding transformation to AML.*®

RAS pathway mutations (NRAS, CBL, PTPN11, KRAS, NFT1)
Mutations in the epigenetic machinery are not specific to
CMML, but are generally considered ancestral to signaling
pathway mutations.?4%4 Germline and somatic RAS pathway
mutations are associated with juvenile myelomonocytic leu-
kemia, an aggressive pediatric myeloproliferative neoplasm
that resembles proliferative CMML.*? Features of proliferative
CMML include constitutional symptoms, extramedullary he-
matopoiesis and myeloproliferation. This contrasts with dys-
plastic CMML, which is instead characterized by cytopenia(s)
and a more indolent course (Figure 2B-D). Leveraging a large
cohort of >1,000 CMML patients, our group demonstrated
that oncogenic RAS mutations are more prevalent in, and
occur at higher variant allele fractions in proliferative CMML
than in dysplastic CMML.*® Interestingly, in murine models,
Nras®?? has been shown to have a bimodal effect on HSC,
both increasing and decreasing the rate at which some HSC
divide; besides, Nras®?® can also increase reconstitution and
self-renewal potential of HSC on serial transplantation.*
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Figure 2. Characteristics of the Mayo Clinic cohort. (A) Landscape of pathogenic somatic mutations in 564 individuals with
chronic myelomonocytic leukemia (CMML) followed at Mayo Clinic. Note only the top 20 most recurrently mutated genes are
plotted. (B) Frequency of gene mutations in dysplastic and proliferative subtypes of CMML. Only the 20 most recurrently mu-
tated genes are shown. Asterisks depict significance by Fisher exact test as *P<0.05, **P<0.01, or ***P<0.001. (C, D) Overall
survival (C) and acute leukemia-free survival (D) of the dysplastic and proliferative subtypes of CMML in the Mayo Clinic cohort
with a median follow-up duration of 79 months. Data from the Kaplan-Meier analysis are presented as median overall surviv-
al and leukemia-free survival (with 95% confidence intervals) and compared via the log-rank (Mantel-Cox) method. pCMML:
proliferative CMML; dCMML: dysplastic CMML; OS: overall survival; LFS: leukemia-free survival.

In mice, during emergency and leukemic myelopoiesis, GMP subset of CMML patients carrying RAS mutations and high-
aggregate in self-renewing GMP clusters. These are tran- risk disease features, of a GMP-like inflammatory population,
scriptionally defined by the activation of an inducible /rf8 transcriptionally similar to the cluster of self-renewing GMP
and pB-catenin self-renewal network.** Novel insights into described above*® (Figure 3). Besides its canonical RAS/MEK/
CMML-related phenotypes come from the identification,ina ERK oncogenic signaling (Figure 4), mutant RAS induces the
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Figure 3. Mechanisms driving the evolution of chronic myelomonocytic leukemia and its clinical manifestations. Clonal expansion
of biallelicTET2 or TET2/SRSF2-mutated hematopoietic stem cells causes a granulocyte-monocyte progenitor bias and preferen-
tial production of clonal inflammatory myeloid cells (monocytes and neutrophils). Clusters of self-renewing granulocyte-monocyte
progenitors might be implicated in further clonal propagation. Among other mechanisms, activation of the NLRP3 inflammasome,
especially in association with mutant RAS, mediates release of cytokines and contributes to an inflammatory microenvironment.
Clusters of clonal indoleamine 2,3-dioxygenase-positive plasmacytoid dendritic cells induce immunotolerance and clonal propa-
gation, and can contribute to leukemia transformation. Circulating inflammatory monocytes are responsible for the systemic
manifestations of chronic myelomonocytic leukemia. HSC: hematopoietic stem cell; CMP: common myeloid progenitor; LMPP:
lymphoid-primed multipotent progenitor; CLP: common lymphoid progenitor; biTET2: biallellic TET2 mutations; B: B cell; T: T cell;
NK: natural killer cell; GMP: granulocyte-monocyte progenitor; IDO: indoleamine 2,3-dioxygenase; IFN: interferon; NLRP3: NOD-,
LRR- and pyrin domain-containing protein 3; MEP: megakaryocyte-erythroid progenitor; PLT: platelet.
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generation of reactive oxygen species, which in turn, promote
the activation of the NLRP3 inflammasome.*® The latter has a
key role in the development of several clinical manifestations
associated with KRAS-mutant myeloproliferative neoplasms.*®
In response to various signals from pathogens and internal
damage, activation of NLRP3 results in release of proinflam-
matory cytokines (e.g., IL-1p and IL-18)*" through gasdermin
D-mediated permeabilization of the plasma membrane. If
gasdermin D pores cannot be repaired, cells undergo pyro-
ptosis*® with the potential to amplify inflammatory responses
(Figure 3).%°%° In addition to the classical mitogen-activated
protein kinase (MAPK) pathway, GTP-bound RAS also binds
to p110 to activate the PI3K-AKT-mTOR signaling cascade®
(Figure 4). Thus, inhibition of the phosphoinositol-3 kinase
(PI3K) pathway has been explored in multiple RAS-mutated
tumor types, both as an initial strategy and in subsequent
efforts to overcome resistance to RAS inhibition.®> RAS mu-
tations might also have roles in modulating adaptive immune
responses to tumor cells. Using an Asx(7~/~ Nras®?"* Vav-Cre
mouse model, we have shown that Nras and Asx(7 cooperate
to accelerate progression of CMML to AML, with AML cells
overexpressing all the inhibitory immune checkpoint ligands
(PD-L1/PD-L2, CD155, and CD80/CD86), highlighting that a
suppressive microenvironment could play an important role
in transformation to secondary AML.5® We have also shown
accumulation of clonal RAS mutant CD123/CD303* plasma-
cytoid dendritic cells in CMML patients (Figures 1C, D and
3), and have documented their association with transfor-
mation to AML.5* Further work by our group has shown that
these plasmacytoid dendritic cell clusters are positive for
indoleamine 2,3-dioxygenase 1/2 (ID0O1/2),** with IDO being an
immune-checkpoint enzyme that induces systemic immune
tolerance through multiple mechanisms, including regulatory
T-cell expansion and tryptophan catabolism®5” (Figure 3).

JAK2V®'"F mutations in chronic myelomonocytic leukemia

JAK2VSF mutations are encountered in ~10% CMML patients.
By studying a large cohort of CMML patients, we found that
JAK2-mutated CMML is associated with higher hemoglobin/
hematocrit levels and platelet counts, and frequently co-oc-
curs with TET2 mutations. However, we did not identify an
increased risk of thrombosis, acute leukemia transformation,
or impact on overall survival.®® JAK2'$"F mutant CMML can
at times be difficult to distinguish from JAK2-mutant my-
eloproliferative neoplasms with monocytosis, although the
use of monocyte partitioning flow cytometry (M0O1/classical
monocytes >94% in CMML) and focus on megakaryocytic mor-
phology can help to resolve this dilemma in several cases.®
Irrespective of signaling pathway mutations of signaling
pathway mutations, CMML patients demonstrate granulo-
cyte-macrophage colony-stimulating factor (GM-CSF)-de-
pendent hypersensitivity in colony formation assays and by
phospho-STATS (pSTAT5) flow cytometry, as compared to
healthy controls, an effect more pronounced in patients with
RAS mutations.®® Lenzilumab (KB0OO03) is a novel engineered
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human immunoglobulin Gk monoclonal antibody with high
affinity for human GM-CSF (Figure 5) and has activity in pre-
clinical models of CMML.®° In a phase | study of lenzilumab in
CMML, we documented that the drug was well tolerated and
had a durable clinical benefit in 33% of the patients.®' An in-
terim analysis of the PREACH-M trial (ACTRN12621000223831)
evaluating the combination of lenzilumab and 5-azacitidine
in CMML patients with RAS pathway mutations has shown
encouraging results, with complete remissions achieved
within three cycles of treatment in 55% of subjects.®? JAK2
is a primary kinase regulating all the known activities of GM-
CSFE.%® This, along with its constitutive activation in CMML,
provides the rationale for the use of JAK inhibitors, with
ruxolitinib having completed early phase testing in CMML
(Table 1, Figure 5).%%

The role of inflammatory monocytes
in chronic myelomonocytic leukemia

In CMML, classical monocytes (CD14*/CD16") represent the
predominant monocyte subset (>94% of total) (Figure 1B).5®
These have highly inflammatory transcriptional signatures®®
and, as a result, CMML patients have substantially different
cytokine expression levels compared to healthy controls.®
Accordingly, CMML patients have a >2-fold increased risk of
cardiovascular events,®” and ~20% have an associated sys-
temic inflammatory and autoimmune disease (Figure 3).%®
The effects of clonal monocytes go beyond the role of these
cells in inflammation and organ infiltration. CMML commonly
co-occurs with histiocytic malignancies that share ancestral
mutations with CMML.%*"" While this suggests a common
cell of origin, it also raises the possibility that neoplastic
monocyte-derived macrophages contribute to the phenotypic
origins of histiocytic neoplasms.

Beyond clinical manifestations, inflammation is also im-
plicated in disease progression (Figure 3). Chronic inflam-
mation can fuel clonal expansion of mutated HSC while
inhibiting the function of wild-type HSC.”? In a murine model
of Tet2”, increased IL-6 levels, due to blood dissemination
of gut bacteria from a dysfunctional small-intestinal barrier,
were associated with a CMML-like disease.”® In addition, when
inflammation is active, TET2-mediated regulation of active
chromatin facilitates histone deacetylation and suppresses
IL6 and IL-1p expression, leading to resolution of inflamma-
tion in innate myeloid cells™ and macrophages.” As a result,
in the presence of TET2 loss-of-function variants, myeloid
cells show a reduced capacity to resolve inflammation. In
addition, Tet2-deficient murine and TET2-mutant human
HSC, when exposed to high levels of pro-inflammatory tumor
necrosis factor-a.in vitro, have a strong proliferative advan-
tage compared with wild-type cells.” Equally, in vivo, under
inflammatory “stress”, murine Tet2-deficient HSC expand
rapidly, which results in enhanced production of inflamma-
tory cytokines, including IL-6, and resistance to apoptosis.”
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Table 1. Results of investigational therapies in chronic myelomonocytic leukemia.

'(I'E::;:;mm)ber Phase Target(s) Agent(s) N O; R E: mTr?tis Reference
Standard of care
NCT02214407 (DACOTA) 1] DNMTH1 Decitabine 84 63 8 18.4 ltzykson, 2023°%"
Epigenetic modifiers
NCT01613976 I HDAC Azacitidine + panobinostat 4 0 0 - Kobayashi, 2018%
NCT02877277 | TET2 Azacitidine + ascorbic acid 3 - - - Gillberg, 2019%
NCT03418038 Il TET2 Ascorbic acid 2 - - - Xie, 202310
Chromatin modifiers
- I Aurora kinase A ENMD-2076 1 0 0 - Yee, 2016
NCT01926587 | PLKA1 Azacitidine + rigosertib 1 0 0 - Navada, 20202
RNA processing inhibitors
NCT02159872 Il Ribosome A-site Oma&fﬁq’gﬂ;ﬁfgﬁii‘f:g”ate 8 33 0 75  Short 2019'
NCT02841540 I SF3B1 H3B-8800 4 0 0 - Steensma, 2021'%
JAK inhibitors
NCT01787487 I JAK?2 Ruxolitinib + azacitidine 17 65 - 15.1 Assi, 2018105
NCTO01776723 171 JAK2 Ruxolitinib 50 38 2 24.7 Hunter, 2021106
NCT01776723 Il JAK2 Ruxolitinib 29 17 0 24 Padron, 2022197
RAS superfamily agents
NCT00920140 171 MEK1/2 Trametinib 11 27 9 14.5 Borthakur, 201618
NCT00034684 I Farnesyl- Lonafarnib 35 20 6 ~ Feldman, 2008"
transferase
EudraCT 2004-004685-32 | Farnesyl- Lonafarnib 2 0 0 - Ravoet, 2008
transferase
Protein degradation agents
NCT00744536 Il E3 ubiquitin ligase Lenalidomide + melphalan 12 25 0 8.5 Buckstein, 2014™
ACTRN-12607000283471 Il E3 ubiquitin ligase Azacitidine + thalidomide 16 63 19 - Kenealy, 20172
gﬁ:ﬂ{/ﬁ)&?gﬁa?w (AGMT | E3 ubiquitin ligase Lenalidomide 20 8 0 289 Burgstaller, 2018
\CToSeere(WOG Eawidutlgase  Asmdtdne eidonie 19 % . WA Seleres 2017
E3 ubiquitin ligase Azacitidine + lenalidomide 4
'I;'EJg; 342692 (AZA I HDAG Azaciidine + valproicacid 5 85 18 197 Ades, 2022
dsDNA Azacitidine + idarubicin 6
NCT00580242  |BS ‘;tr’c')?ggg;:'r?:se’ Lenalidomide + bortezomib - 0 0 . Attar, 2013
NCT02610777 I NEDDS8 Azacitidine + pevonedistat 9 78 33 - Sekeres, 20217
NCT03862157 i NEDDS Azac'“gg‘foze";gf;fc'ax * 2 100 o0 i Short, 2023
Cytokine & growth factor derivatives
NCT02268253 I/l CD123 (IL-3R) Tagraxofusp 36 11 0 - Patnaik, 2021'"°
NCT02546284 I GM-CSF Lenzilumab 15 33 0 - Patnaik, 2020'2°
o + q
(APCRTEFZNCL?&? 000223831 GM-CSF Lenz"“argigr;iszifg'd'“e * 11 73 55 . Hiwase, 2023"
Immune checkpoint inhibitors
NCT03066648 | TIM-3 Sabatolimab + azacitidine/ 45 g7 57 76 Brunner, 20242

decitabine

Many studies have enrolled diverse populations including patients with both myelodysplastic syndromes and chronic myelomonocytic leuke-
mia (CMML). The data tabulated here represent only prospective studies that reported CMML-specific outcomes. Three retrospective studies
(with 6, 27, and 51 patients) have described the combination of venetoclax with either azacitidine or decitabine, with overall response rates
ranging from 50-90%, complete response rates of 0-22%, and median overall survivals of 10.3-25.1 months*? *The study by Brunner et al.
reported only median progression-free survival. The hyphen symbol (-) indicates that these data were not reported for the CMML-specific
population. ORR: overall response rate; CR: complete response; mOS: median overall survival; HDAC: histone deacetylase. NR: not reached;
GM-CSF: granulocyte-macrophage colony-stimulating factor.
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Likewise, mutations affecting pre-mRNA splicing, including
SRSF2 mutations, have also been shown to result in the
hyperactivation of nuclear factor-KB signaling pathways.”®"®
The presence of clonal myeloid cells is therefore likely to
sustain a “vicious circle” of inflammation and clonal expan-
sion in which an inflammatory milieu confers a selective
advantage to the mutant clone, while at the same time, the
mutant clone is able to perpetuate inflammation. Further
underscoring this concept, autocrine or paracrine activation
of MAPK though C-C chemokine receptor type 2 (CCR2) has
been implicated in defective apoptosis of circulating classical
monocytes in CMML.#°

The progression of chronic
myelomonocytic leukemia to acute
myeloid leukemia

Rates of progression to secondary AML remain high,? with
current survival outcomes after blast transformation
remaining dismal (median overall survival, <9 months).?
Acquisition of additional somatic driver mutations in the
coding DNA, or increments in variant allele fraction of
existing driver mutations, explain transformation in only
40-60% of patients.®®8 Mutations in the non-coding ge-
nome, somatic copy number alterations, and epigenetic
mechanisms, likely in the context of reduced immune
surveillance, emerge as plausible mechanisms that need
to be explored. Understanding steps that lead to AML
transformation is a much-needed area of research, and
a critical one to improve outcomes in patients.

Contemporary therapeutic
approaches for chronic
myelomonocytic leukemia

Allogeneic hematopoietic stem cell transplant is the only
potential cure for CMML; however, due to older age and
comorbidities, this approach is unfeasible for the majority
of patients. DNA methyltransferase (DNMT) inhibitors,
also referred to as hypomethylating agents, remain the
only Food and Drug Administration-approved treatment
options for CMML, but overall response rates are <50%,
with true remissions being achieved in <20% patients.82
In a large multicenter study, we showed that the best
predictor of response to DNMT inhibitors is the presence
of TET2 mutations in the absence of ASXL7 mutations.®*
Although use of DNMT inhibitors can lead to demethyl-
ation at promoters and CpG islands,® response to these
inhibitors occurs in the absence of significant variation in
the clonal structure.®® Several studies have shown a lack
of correlation between differences in promoter meth-
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ylation and transcriptional changes in CMML,*"*® a phe-
nomenon that might explain why, despite an epigenetic
effect, DNMT inhibitors do not affect the mutant allelic
burdens, nor alter the natural history of the disease.®®
Ascorbic acid is an important cofactor for TET dioxygenase
activity, prompting the use of parenteral ascorbic acid
in combination with DNMT inhibitors in TET2-mutant
CMML. In this setting, ascorbic acid has been postulated
to enhance TET2 activity generated from the unmutated
allele and/or exploit functional redundancies with TET3
in the hematopoietic system.®

The synergistic effect of venetoclax and 5-azacitidine is
much less pronounced in CMML than in AML.28% Some
mechanistic insights come from studies in AML patients.
Monocytic and/or RAS-mutated AML is more resistant
to BCL2 inhibition, and thus venetoclax can favor the
outgrowth of monocytic subpopulations that arise from
low variant allele fraction NRAS-mutated and KRAS-mu-
tated clones. These clones activate an MLL-specific
leukemia stem cell signature and show dependency on
the anti-apoptotic protein MCL-1.°° CMML monocytes
too show dependency on MCL-1, resulting in defective
apoptosis, with a combination of MCL1 and MEK inhibitors
showing early promise in xenografts models.8 Although,
traditionally, the RAS/RAF/MEK/ERK pathway has been
difficult to target in hematologic malignancies due to
the lack of effective drugs and the late and subclonal
nature of its mutations, CMML is an exception, given that
in proliferative CMML, RAS mutations are often early and
dominant clonal events.*® Novel RAS-directed therapies
including the on and off KRAS G12C and G12D inhibitors
and the pan-RAS GTPase inhibitors can play an important
role in the management of proliferative CMML,*"*2 and
can inform safety and dosing in myeloid neoplasms, in
which RAS mutations play a role in disease progression
and contribute to resistance to FLT3, IDH1, IDH2, and
BCL2 inhibitors.

Inhibition of the RAS-activated PI3K pathway is an en-
ticing yet underexplored approach in CMML. As dual
MAPK/PI3K pathway inhibition resulted in dose-limiting
toxicities in solid tumors,’? other combinatorial strategies
are needed. For example, the combination of the PI3Kd
inhibitor, umbralisib, and the JAK1/2 inhibitor, ruxolitinib,
was synergistic in pre-clinical colony-forming assays
using primary CMML samples.®®* This combination has
since entered early phase clinical trials (NCT02493530).
Moreover, in addition to their impact on methylation, DNMT
inhibitors form covalent DNA-DNMT1 adducts that invoke
an ATR-CHK1-mediated DNA damage response.®* ¢ Thus,
combinations of DNMT inhibitors with inhibitors of cell
cycle checkpoints are of particular interest. Specifically,
polo-like kinase 1 (PLK1) is upregulated in RAS-mutated
proliferative CMML and PLK1 inhibition was efficacious in
patient-derived xenograft models of proliferative CMML.*®
Accordingly, the PLK1 inhibitor, onvansertib, has entered
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Figure 4. RAS pathway activation and downstream effects in chronic myelomonocytic leukemia. Oncogenic RAS pathway activation
is associated with an aggressive tumor biology in many solid malignancies and a proliferative phenotype in chronic myelomonocyt-
ic leukemia (CMML). Accordingly, numerous inhibitors of upstream RAS activators, inactive RAS-off states, active RAS-on states,
and downstream effectors of RAS signaling are in various phases of development. The central panel provides an overview of the
canonical RAS pathway, wherein post-transcriptional processing of RAS via farnesyl-transferase (FTase) and prenylated protein
methyltransferase (PPMTase) localize inactive RAS to the cell membrane. There, RAS GTP exchange factors (GEF) such as SOS1,
S0S2, and SHP2 (also known as PTPN11) facilitate the transition from inactive GDP-bound RAS-off states to active GTP-bound RAS-
on states. Conversely, as RAS has very weak intrinsic GTP hydrolase activity, GTPase-activating proteins (GAP) such as neurofibromin
1 (NF1) facilitate GTP-to-GDP hydrolysis to deactivate RAS. Active RAS signals through RAF, MEK, and ERK family proteins to promote
transcription of cell-proliferation genes, including CCND7 which encodes cyclin D1. Meanwhile, gain-of-function mutations in PTPN77
and loss-of-function mutations in NF7 also serve to augment RAS signaling by promoting GEF and impairing GAP function, respec-

Continued on following page.
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tively. Similarly, inactivating mutations in CBL, which encodes the ubiquitin ligase responsible for degradation of many receptor
tyrosine kinases (RTK), also sustain oncogenic RAS signaling. Additionally, RAS activates the non-canonical phosphoinositol-3 kinase
(PI3K) pathway, which signals through AKT and mTORC1 to further promote cyclin D expression and, by extension, progression through
the G1/S cell cycle checkpoint. Collectively, the transcriptional activation and cell cycle progression driven by the canonical and
non-canonical pathways contribute to replication stress and activation of WEE1, which serves to inhibit cyclin dependent kinase 1
(CDK1) and halt progression through the G2/M checkpoint. However, dysregulation of upstream effectors such as aurora kinase A
(AURKA) and polo-Llike kinase 1 (PLK1) mitigate this checkpoint and permit aberrant cell proliferation. The panels along the periph-
ery depict selected agents being developed to target the various aspects of oncogenic RAS signaling. Agents interfering with RAS
processing and initial activation are organized along the top. Direct inhibitors of RAS-off and RAS-on states are organized along the
left upper edge, while inhibitors of downstream effectors RAF, MEK, and ERK are along the left lower edge. Inhibitors of the non-ca-
nonical PI3K pathway are organized along the right. Finally, inhibitors of the DNA damage response pathway and G2/M checkpoint
are along the bottom. Agents under investigation in CMML specifically are highlighted in dark red.
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Figure 5. Additional established and investigational therapeutic targets in chronic myelomonocytic leukemia. *Indicates targets that
have shown promise in preclinical models and are in early phase clinical trials. Chronic myelomonocytic leukemia (CMML) cells ex-
hibit hypersensitivity to granulocyte-macrophage colony-stimulating factor (GM-CSF) in hematopoietic progenitor colony-formation
assays. Activation of the GM-CSF receptor leads to activation of the JAK/STAT pathway, which leads to a specific STAT-5 signature in
CMML, giving the rationale for JAK2 inhibitors currently in clinical trials. Lenzilumab is an engineered human immunoglobulin mono-
clonal antibody, with high affinity for human GM-CSF, which has shown activity in preclinical models of CMML and in phase | clinical
trials. Increased activation of the NLRP3 inflammasome, especially in the presence of mutant RAS, contributes to the release of
proinflammatory cytokines, interleukin (IL)-1p in particular. Canakinumab is a human anti-IL-13 monoclonal antibody and DFV890 is a
new oral NLRP3 inhibitor, both currently in clinical trials. Leukocyte immunoglobulin-like receptor (LILRB4) negatively regulates immune
cell activation via T-cell suppression and has been shown to have increased expression in both CMML and acute myeloid leukemia
(AML) with a monocytic component. 10-202 is an antagonist antibody targeting LILRB4 in a phase | clinical trial in AML and CMML.
CD123 is the a-subunit of IL-3 receptor. Its expression on islands of clonal plasmacytoid dendritic cells in the bone marrow of CMML
patients correlates with an increased risk of AML transformation. CD123 is also found on myeloid progenitors and monocytes, and is
involved in the proliferation and differentiation of myeloid cells. Tagraxofusp is a recombinant cytotoxin which consists of human IL-
3 fused to a truncated diphtheria toxin currently approved for blastic plasmacytoid dendritic cell neoplasm and in clinical trials for
CMML. Aberrant splicing is a common feature in CMML. H3B-8800 and CTX-712 are modulators of the spliceosome, believed to induce
synthetic lethality in cells that already have a spliceosome dysfunction. These agents are currently in clinical trials in CMML and oth-
er myeloid malignancies. Epigenetic dysregulation plays an important role in CMML and other hematologic malignancies. EP31670 is
a dual BRD4 and CBP/p300 inhibitor that is currently in early phase clinical trials. Similarly, DNA-methyltransferase inhibitors and
histone deacetylase inhibitors, such as panobinostat, attempt to re-establish impaired epigenetic regulation. Ascorbic acid enhances
the activity of TET2 also aiming to improve epigenetic deregulation, and is currently in clinical trials. Although targetable, IDH1/2 and
FLT3 are very infrequently mutated in CMML, and inhibitors of these proteins are rarely prescribed in CMML. pDC: plasmacytoid den-
dritic cells; HDAC: histone deacetylase; DNMT: DNA-methyltransferase; 5mC: 5-methylcytosine; 5hmC: 5-hydroxymethylcytosine.
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early phase clinical trials (NCT05549661). Combinations
with other cell cycle checkpoint and DNA damage repair
inhibitors remain to be explored. Additional targets of
interest are outlined in Figures 4 and 5, with reported
results in CMML cohorts summarized in Table 1.

Conclusion

Epigenetic dysregulation in CMML leads to myeloid bias and
clonal monocytosis. Subsequent acquisition of epigenetic/
transcription factor mutations typically results in dysplastic
CMML, whereas signaling mutations are more commonly
associated with the more aggressive proliferative CMML.¢
Increased activation of pro-inflammatory pathways in clonal
monocytes as well as accumulation of leukemia-derived plas-
macytoid dendritic cells, causing suppression of the adaptive
immune system, drive more severe clinical manifestations
with inferior outcomes. Despite active research, there remains
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