? frontiers ‘ Frontiers in Hematology

@ Check for updates

OPEN ACCESS

EDITED BY
Bruno Antdnio Cardoso,
Catholic University of Portugal, Portugal

REVIEWED BY
loanna Triviai,

Max Planck Institute for Molecular Genetics,
Germany

Hugh Young Rienhoff Jr.,

Institute for Further Study, United States

*CORRESPONDENCE

Lourdes M. Mendez
lourdes.mendez@yale.edu

Amer M. Zeidan
amer.zeidan@yale.edu

RECEIVED 18 April 2024
ACCEPTED 17 June 2024
PUBLISHED 12 July 2024

CITATION
Taborda CC, Zeidan AM and Mendez LM
(2024) Clonal cytopenia of undetermined
significance: definitions, risk and
therapeutic targets.

Front. Hematol. 3:1419323.

doi: 10.3389/frhem.2024.1419323

COPYRIGHT
© 2024 Taborda, Zeidan and Mendez. This is
an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

Frontiers in Hematology

TYPE Review
PUBLISHED 12 July 2024
p0O110.3389/frhem.2024.1419323

Clonal cytopenia of
undetermined significance:
definitions, risk and
therapeutic targets

Cristian C. Taborda, Amer M. Zeidan* and Lourdes M. Mendez*

Section of Hematology, Department of Internal Medicine, Yale Cancer Center and Smilow Cancer
Hospital, Yale University School of Medicine, New Haven, CT, United States

Cancer-related somatic genetic alterations are detectable in the blood of
individuals without hematologic malignancy, reflecting the outgrowth of a
mutated stem/progenitor cell population, a phenomenon termed clonal
hematopoiesis (CH). When accompanied by an unexplained cytopenia(s), CH is
further refined to clonal cytopenia of undetermined significance (CCUS)
whereas, the finding of a mutation/alteration in the setting of a normal
complement of blood counts is called clonal hematopoiesis of indeterminate
potential (CHIP). CHIP and CCUS are now recognized precursor conditions to
myeloid neoplasms. Advances in the understanding of the epidemiology and
clonal metrics associated with evolution to a myeloid malignancy has permitted
the elaboration of risk stratification tools poised for use in the clinic and initial
clinical investigations seeking to disrupt the natural history of high risk CHIP and
CCUS. In this review, we focus on CCUS and the current understanding of its
classification, risk stratification and potential therapeutic targets
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1 Clonal hematopoiesis: an introduction

Cancer-related somatic genetic alterations are detectable in the blood of ostensibly
healthy individuals. Such somatic genetic alterations include SNV, Indels, and also large
chromosomal alterations or mosaic chromosomal alterations (1-5). Somatic genetic
mosaicism within the hematopoietic system has been termed clonal hematopoiesis (CH).
Several concurrent papers employed next-generation sequencing technology to define the
frequency of mutations in cancer-related genes in large population cohorts revealing
recurrently mutated myeloid driver genes, many increasing in frequency with age (6-9).
The frequency of CH in individuals aged 70-80 was found to be approximately 10-20% (6,
7). In fact, subsequent studies have shown that in elderly individuals, oligoclonal
hematopoiesis is pervasive, compared to polyclonal hematopoiesis in children and young

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/frhem.2024.1419323/full
https://www.frontiersin.org/articles/10.3389/frhem.2024.1419323/full
https://www.frontiersin.org/articles/10.3389/frhem.2024.1419323/full
https://www.frontiersin.org/articles/10.3389/frhem.2024.1419323/full
https://www.frontiersin.org/journals/hematology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/frhem.2024.1419323&domain=pdf&date_stamp=2024-07-12
mailto:lourdes.mendez@yale.edu
mailto:amer.zeidan@yale.edu
https://doi.org/10.3389/frhem.2024.1419323
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/hematology#editorial-board
https://www.frontiersin.org/journals/hematology#editorial-board
https://doi.org/10.3389/frhem.2024.1419323
https://www.frontiersin.org/journals/hematology

Taborda et al.

adults, related to positive selection of recurrent genetic mutations in
hematopoietic stem progenitor cells (10).

The commonplace occurrence of clonal mosaicism involving
cancer-related genes raised the question of whether this was
associated with an increased incidence of hematologic
malignancy. Interestingly, even “silent” variants, that is,
synonymous mutations in protein-coding regions or non-splice
site mutations in noncoding regions — may have predictive value in
the development of hematologic malignancies (11). Individuals with
CH involving cancer-related mutations taken as a whole, had an 11-
to 12-fold increased risk of hematologic malignancies related to
clone size (6, 7). Clonal hematopoiesis has been seen in about 29.7%
of patients with solid tumors and was associated with a two-fold
increase in the development of therapy-related hematologic
malignancy (11).

Yet, it was apparent that the overwhelming majority of
individuals would not develop a blood cancer leading to the term,
clonal hematopoiesis of indeterminate potential (CHIP). The
impact of clonal mosaicism on phenotypes beyond cancer has
since been the subject of a burgeoning literature. Early on an
increased risk of cardiovascular and cerebrovascular disease (7)
was appreciated. Notably, CH was associated with a 1.4-fold
increased risk of all-cause mortality (6, 7). CH has now been
associated with a wide variety of age-related phenotypes (12). CH
may mechanistically tie together the increase in systemic
inflammation observed in older persons, termed “inflammaging”
and many age-related diseases (13, 14). Clonal cytopenia of
undetermined significance (CCUS) was first reported in 2015 (15,
16) on the heels of the CHIP reports, but studies of CCUS have been
comparatively scarce despite the imperative to characterize its
epidemiology and pathogenesis based on early evidence of
remarkably high rates of progression to myeloid neoplasms in
subsets of CCUS (17).

2 Clonal cytopenias: subtypes within
classification systems

With a body of literature substantiating the premalignant
potential of CH, its various subtypes were codified in recent
updates to the myeloid/leukemia classification systems by the
WHO and ICC. CHIP is defined as CH bearing mutations in
genes that are recurrently mutated in myeloid malignancies at a

Abbreviations: CH, clonal hematopoiesis; CCUS, clonal cytopenia of
undetermined significance; CHIP, clonal hematopoiesis of indeterminate
potential; VAF, variant allele fraction; MDS, myelodysplastic syndromes; MDS/
MPN, myelodysplastic/myeloproliferative neoplasms; CMUS, clonal
monocytosis of undetermined significance; CCMUS, clonal cytopenia and
monocytosis of undetermined significance; AML, acute myeloid leukemia;
CMML, Chronic myelomonocytic leukemia; VEXAS, Vacuoles E1 enzyme X-
linked Autoinflammatory Somatic syndrome; MN, myeloid neoplasm; ICUS,
idiopathic cytopenia of unknown significance; CHRS, clonal hematopoiesis risk
score; mCAs, mosaic chromosomal abnormalities; IPSS-M, International

Prognostic Scoring System-Molecular.
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variant allele fraction (VAF) of >=2% in the absence of a
hematologic malignancy or unexplained cytopenia (18).
Cytopenia in the context of clonal hematopoiesis is defined as
acquired, sustained, otherwise unexplained anemia (Hb <12 in
females and <13 in males), neutropenia (<1.8 X 10°/L),
thrombocytopenia (<150 X 10°/L) and these definitions are
uniform for clonal cytopenias, MDS, MDS/MPN (19-21). Clonal
cytopenias include clonal cytopenia of undetermined significance
(CCUS), clonal monocytosis of undetermined significance (CMUS),
clonal cytopenia and monocytosis of undetermined significance
(CCMUS). CCUS is a form of CHIP associated with persistent
cytopenia(s) (16). CHIP and CCUS are recognized as precursor
conditions that can progress to become MDS and AML whereas
CMUS and CCMUS are precursor conditions to CMML (20-22).

A note is made in both the 5™ Edition of the WHO and ICC
classification systems of the recently described VEXAS (Vacuoles,
El enzyme, X-linked, Autoinflammatory, Somatic) syndrome, an
acquired, adult-onset multisystem inflammatory disease
characterized by hematologic abnormalities (macrocytic anemia,
vacuolated myeloid and erythroid progenitors) described in 2020.
CH in VEXAS stems from HSPC bearing mutations in the El
ubiquitin activating enzyme, UBAI (23), which lies at the apex of
the protein ubiquitination cascade, critical for cellular protein
homeostasis. VEXAS is associated with a high incidence of MDS
and plasma cell dyscrasias (23, 24). Thus, VEXAS lies on the
spectrum of clonal disorders with premalignant potential (25) and
has been put forth as a form of CCUS (26). Clonal myeloid
dominance stems from UBAI-mutant HSPC (27, 28) which
upregulate inflammatory pathways (23, 28) underscoring the
intertwined origins of CH and inflammation.

The recognition of subtypes of CH as new nosological entities
reflects the emphasis on classification based on defining genetic
abnormalities (20, 21). Along the same lines, the list of MDS-
defining genetic abnormalities in the context of cytopenia(s),
irrespective of dysplasia has been updated to include MDS with
SF3BI mutation (20) and is added to del(5q), -7/del(7q), or a
complex karyotype. MDS with bilallelic TP53 inactivation is an
additional MDS genetic subtype (21). Like MDS, the myeloid
precursor states are also qualified as therapy-related if following
exposure to chemotherapy or radiation (20). Data from longitudinal
studies of cytopenia cohorts are expected to inform further
refinements in genetically defined nosologic entities.

3 CCUS: incidence and genetics

3.1 Incidence of CCUS

Amongst individuals with idiopathic cytopenia who do not
meet the diagnostic criteria for MDS, the frequency of CCUS has
been reported to be on the order of 30% (16, 29). Concordant with
previous studies, in the largest cohort of patients with cytopenias to
date, 400 of 1485 patients with unexplained cytopenias and a non-
diagnostic bone marrow evaluation were found to have >1 mutation
in a targeted myeloid panel covering 27 genes thus giving a 26.9%
frequency of CCUS (30).
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3.2 Genetic profile of CCUS

The genetic mutational spectrum of CCUS overlaps with that of
CHIP and MDS. Mutations in one of three genes involved in
epigenetic regulation account for two-thirds of recurrent
mutations in cancer related genes found in healthy individuals
without a hematologic phenotype. These genes are DNMT3A, TET2
and ASXL1 (DTA) (6, 7). In a prospective cohort of 311 individuals
with idiopathic cytopenia(s), the 10 most frequent myeloid
malignancy-related genetic mutations detected in the peripheral
blood of individuals with CCUS were identified as TET2 (18.6%),
ASXLI (14.5%), SRSF2 (13.9%), SF3B1 (11.4%), DNMT3A (9.5%),
RUNX1 (8.5%), TP53 (5.4%), JAK2 (5.1%), U2AF1 (4.7%), and
EZH2 (3.8%) (17). A distinct prospective, unexplained cytopenia
cohort of 1485 patients, likewise identified TET2 and SRSF2 from
the bone marrow of individuals with CCUS, but the third most
frequently mutated gene was DNMT3A (30). There is a high level of
concordance with the established mutational landscape of MDS
where the most frequent mutations are in TET2, SF3BI, ASXLI,
SRSF2, DNMT3A, RUNX1, U2AF1, ZRSR2, STAG2, TP53 (31). Co-
mutations with DTA and RUNX1, EZH2, CBL, BCOR, CUX1, TP53,
or IDHI/IDH?2 are reported to be highly specific for a myeloid
neoplasm (MN) with myelodysplasia (MDS, MDS/MPN, AML with
myelodysplasia-related changes) (17).

Comparatively less has been reported on mosaic structural
variants or chromosomal abnormalities (mCA) associated with
CCUS. Niroula and colleagues analyzed the frequency of
autosomal mCA in nearly 400,000 individuals in the UK Biobank
without a previous hematologic malignancy diagnosis, the majority
of which had normal blood counts, and found that 0.38% had mCA
associated with myeloid neoplasms, 0.84% had mCA associated
with lymphoid neoplasms, 0.32% had mCA common to both
myeloid and lymphoid neoplasms and 1.99% demonstrated other
unclassified mCAs as detected by SNP array (32). Myeloid-mCA
included loss of heterozygosity in JAK2, gain Iq, gain 9p, loss of
heterozygosity in EP300 in individuals who went on to develop an
MPN; deletion 20g, deletion 5q in individuals subsequently
diagnosed with MDS (32, 33). Huber and colleagues studied a
cohort of 222 CCUS cases and 698 MDS patients and observed that
chromosomal alterations were found in 27% of patients with CCUS
compared to 43% of patients with MDS with the most frequent
alteration being -Y. Loss of chromosome Y was more frequent in
CCUS, while loss of the long arm of chromosome 5 (-5q) and
complex karyotypes were more frequent in MDS. Recurrent copy
neutral loss of heterozygosity was observed in 9 CCUS patients, in
4q and 7q (in a subset involving TET2 and EZH2 respectively) (34).
Composite genotypes with concurrent chromosomal alterations
and somatic mutations are uncommon in CCUS but
commonplace in MDS, in one cohort with a frequency of 14%
and 37% respectively (34) concordant with a previous report of
mCA synergizing with gene mutations in the risk of progression to
leukemia (35).

Clonal expansion is the result of positive selection (36) that is
context specific and occurs on the backdrop of germline genetics.
Germline genetic predisposition loci can influence mutagenesis and
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clonality by compromising genome integrity/DNA repair pathways
(TERT, CHEK?2), increasing HSC self-renewal (TET2), selecting for
specific mutations in the same gene (ATM, MPL, TP53) (37-39).
Both germline predisposition loci and CH spectrum vary with
ancestry (37, 40). Studies of germline predisposition variants and
CCUS are rare. In an unselected cytopenia cohort found to have a
hypoplastic marrow, targeted germline and somatic sequencing
revealed that 27 of 402 patients (6.7%) carried a pathogenic/likely
pathogenic germline variant (41). Germline variants can synergize
with CH in the risk of progressing to a hematologic neoplasm
flagging the need to account for germline-CH interactions in risk
models (39).

3.3 CCUS and longitudinal blood counts

Cargo and colleagues described the association between the
mutation pattern of CCUS and longitudinal blood counts (30).
Similar to patients with MDS, patients with CCUS were found to
have a significantly lower white cell count and platelet
concentration than patients with idiopathic cytopenia of
unknown significance (ICUS). Patients with mutations in
chromatin modifier genes and transcription factor genes had
progressive decreases in platelet and hemoglobin concentrations
that were not appreciated in non-mutated patients. These were
most pronounced in patients with ASXLI mutations, with projected
transfusion dependence in 4 years. Patients with TP53 mutations
did not have a difference in hemoglobin or platelets but did have
significantly lower white blood cell count, in particular neutrophil
and monocyte counts. DNMT3A mutations had no effect on blood
counts over the study period, supporting previous reports of
mutation being low risk.

4 CCUS: risk stratification

CCUS has a variable risk of evolving into a myeloid neoplasm
informed by clonal metrics, the gene mutation complement and
mCA. Variant allele frequency (VAF) 210% and number of
mutations >2, are associated with a positive predictive value of
0.86 and 0.88 for subsequent diagnosis of a MN (17). Specific genes
and co-mutation patterns have also been observed to correlate with
an increased risk of progression to a myeloid neoplasm.
Spliceosome genes (SF3BI, SRSF2, U2AFI), JAK2, and RUNXI
mutations have positive predictive values for MN ranging from
0.88 to 0.97 irrespective of additional co-mutations (17). Applying
unsupervised clustering to precursor states and myeloid neoplasms
to identify genetically defined groups revealed a CH-like and MN-
like group with the first largely composed of individuals with
isolated DNMT3A mutations and the second of individuals with
mutations in splicing factors, TP53, or DTA genes in combination
with other mutations or isolated mutations in TET2, ASXL1 and less
common mutations implicated in myeloid neoplasms. Comparing
the CH-like and MN-like group with ICUS there was a significant
difference in overall survival. Within the CCUS cohort, there was a
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marked difference in the cumulative incidence of progression to a
myeloid neoplasm between the CH-like and MN-like groups (29).

In a small retrospective cohort, TET2 (39%), SRSF2 (26%) and
ASXLI (20%) were the most frequently mutated genes in CCUS that
go on to evolve to MDS/AML. Acquisition of a mutation in a
transcription factor or cell-signaling gene was observed at the time
of progression from CCUS to a MN in 43% of patients (15). Large-
scale longitudinal sequencing of the Lifelines cohort allowed
prospective study of CH evolution. In contrast to TET2 mutated
CH which was observed to acquire new gene mutations over time,
DNTM3A and TP53 mutations did not increase the risk of
additional gene mutations. The most common DNMT3A
mutations did not significantly increase the risk of myeloid
neoplasms. By contrast, JAK2, spliceosome and TP53 mutations
were confirmed as “high risk” mutations associated with
progression to myeloid malignancy as previously noted in
retrospective studies (42).

Notably, genome wide association studies (GWAS) have
identified germline variants associated with DNMT3A- and TET2-
mutant CH that shed light on the predisposition to CH generally,
but perhaps also suggest an inherited risk for low versus higher risk
CH. For DNMT3A CH, the loci include 14q32.13-TCL1A, 5p15.33-
TERT, 3q25.33-SMC4, 6q21-CD164, 11q22.3-ATM, 1q42.12-
PARPI, 18ql12.3-SETBPI, 22q12.1-CHEK2 and for TET2 CH,
5p15.33-TERT, 14q32.13-TCLIA and 7q32.2-TMEM?209. As noted
above, clone size is associated with the risk of progression to a
myeloid neoplasm and germline variants associating with clone size
have also been identified. (43). As regards the impact of mCA on
CH disease progression, Gao and colleagues reported that mCA are
an independent risk factor for progression of CH to a hematologic
neoplasm (MDS, MPN, AML, CML, CLL) (35). Germline variants
associated with increased risk for gene mutations and mCA show
considerable overlap. Remarkably, germline variants portending
increased risk for DNMT3A-CH reduce mCA risk (43) providing
insight into clonal trajectories that are at least partially inherited.

Leeks and colleagues leveraged a large data set from the United
Kingdom Biobank (UKB) to build a systematic risk prognostication
tool for CHIP/CCUS (44). Using easily accessible clinical and
laboratory features, they were able to generate a 10-year
molecularly-based prognostic model for myeloid neoplasms. Key
prognostic factors included age, mutation status (including
mutation number and VAF), and blood incidences (red cell
distribution width, mean corpuscular volume, and presence of
cytopenia). Splicing factors and acute myeloid leukemia related
genes (IDHI, IDH2, FLT3, and RUNXI) provided increased
prognostic value for MN, while a single DNMT3A mutation
conferred a smaller risk. The vast majority of patients in this
cohort with CHIP/CCUS (~90%) had a 1% 10-year cumulative
risk of myeloid neoplasm. Leeks and colleagues created the clonal
hematopoiesis risk score (CHRS) with three risk categories: high
risk (CHRS > 12.5), intermediate risk (CHRS 10 to 12), and low risk
(CHRS < 9.5). The goal of these risk categories was to highlight a
group of patients who have a low cumulative risk of developing a
myeloid neoplasm (<2% incidence over 10 years). They found that
the 10-year cumulative incidence of MN was 52.2%, 7.83%, and
0.67%% in the high, intermediate, and low risk CHIP/CCUS groups,
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respectively. This model was validated against an independent
CCUS cohort (Pavia) and CCUS/CHIP cohort (DFCI/BWH). The
performance of CHRS was not altered by the inclusion of TP53 as a
high risk mutation and did not include information about mCA.

Concurrently, Gu and colleagues used the UK Biobank to
develop three time-dependent disease-specific regression models
for prognostication of MDS, AML, and MPN (33). They analyzed
data from 454,340 participants to understand the genetic landscape
of individuals who developed myeloid neoplasm within a 15 year
follow-up period. Similar to prior studies, high risk mutations such
as JAK2, SRSF2, SF3BI, and IDH2 were common in patients who
developed MN while mutations in DNMT3A, TET2, and ASXLI
were more prevalent in patients with CH who did not develop MN.
All three prognostic models were validated against two CCUS
cohorts (Leeds and Pavia) with good performance. Based on these
data, Gu and colleagues generated a web-based tool called MN-
Predict to calculate the year-by-year risk of progression to myeloid
neoplasm over 15 years. A strength of the MN-Predict is its ability
to provide risk stratification for each myeloid neoplasm subtype as
blood count parameters such as cytopenias may have opposite
prognostic value in risk of MDS vs MPN. Like CHRS, MN-
Predict does not incorporate information about mCA. Pertinent
to both CHRS and MN-predict, limitations of the UK Biobank
include younger median age (non-CHIP/CCUS 57 years and CHIP/
CCUS 62 years) and predominately white (93.9%) racial/
ethnic background.

The International Prognostic Scoring System-Molecular (IPSS-
M) was developed as a clinical prognostic tool to provide
individualized predictions of leukemia-free and overall survival
for patients with MDS and incorporates molecular genetic
mutations in addition to clinical and cytogenetic parameters (45).
When the IPSS-M risk group was calculated for a cohort of patients
with CCUS, 80% of patients were categorized as very low to low risk
and as part of an exploratory analysis, the authors noted a trend
towards differential OS comparing very low/low and all other
patients with CCUS (34). A real-world analysis of IPSS-M applied
to CCUS also found evidence of its predictive power to discriminate
myeloid neoplasm-free and overall survival concluding that larger
validation studies are warranted (46).

5 CCUS versus MDS

A single, academic institution comparison of the molecular and
clinical characteristics of CCUS and low risk MDS (LR-MDS)
patients highlighted considerable overlap. 187 patients were
considered, 75 with CCUS and 112 with LR-MDS. 61% of the
CCUS patients had >1 mutation, compared to 51% of the LR-MDS
group. 83% of the evaluable CCUS patients with somatic mutations
had at least one mutation with VAF >=20%. Within the limits of the
short median follow-up of the CCUS group, 16 months, there was a
17% rate of transformation to MDS/AML and there was no
significant difference in median OS between the CCUS and low
risk MDS groups (47). Another study compared 222 cases of CCUS
with 698 cases of MDS applying the IPSS-M. Similar to the prior
study, within the limits of a short median follow-up of 18 months,
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there was no difference in overall survival between the patients with
CCUS and MDS categorized as having very low and low risk disease
by the IPSS-M (34).

This raises the question of how CCUS is distinct from MDS.
MDS is a clonal hematopoietic disorder characterized by cytopenia
(s), dysplasia in one or more myeloid lineages, and an increased risk
of evolution to AML (48). CCUS is currently differentiated from
MDS by the absence of 1) overt dysplasia (>=10% dysplasia in the
erythroid, myeloid or megakaryocytic lineage), 2) increased blasts
and/or 3) MDS-defining cytogenetic findings (17). As regards the first
of these distinctions, gene-specific relationships between VAF and
dysplasia have been observed, with certain mutations leading to overt
dysplasia at low VAF (DTA gene + other, SF3B1+/- other, TP53 +/-
other) whereas other mutations reach clonal dominance (SRSF2 +/-
other, DTA-DTA, or DTA single) before leading to dysplasia (29). In
other words, for specific genotypes, morphologic dysplasia is a late
manifestation of mutant clones and thus, uninformative earlier in the
clonal trajectory. Thus, it has been proposed that CCUS with certain
mutation patterns may provide presumptive evidence of MDS
independent of morphologic criteria (17, 29) and additional genetic
subgroups within MDS are anticipated (20).

6 Therapeutic targets

The identification of myeloid neoplasm precursor conditions
has ushered in clinical trials focused on CCUS/CHIP. Several
approaches are being taken and strategies include repurposing
medications for MDS, targeting specific genetic subtypes of
predisease via actionable mutations and interventions aimed at
mitigating dysregulated inflammatory signaling.

6.1 DNA methylation regulators: TET2

TET2 is a tumor suppressor that catalyzes the conversion of 5-
methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC) on the
path to unmethylated cytosine (49, 50). TET2 mutations are early
events in leukemogenesis (51) that combined with additional
mutations increase the risk of myeloid neoplasms (52-54).
Inactivating mutations in TET2 result in increased HSC self-
renewal and frequency (55, 56). Ascorbate promotes the activity
of TET2 in hematopoietic stem cells and is specifically enriched in
HSC/MPP at 2-20 fold increased levels compared to other
hematopoietic progenitors and declines with differentiation. In
experimental models, ascorbate deficiency leads to decreased
5hmC in HSC/MPP, increased HSC frequency and reconstitution
capacity which can be reversed by dietary ascorbate. Moreover, the
effects of ascorbate deficiency on HSC phenocopies inactivating
mutations of Tet2. Ascorbate depletion additionally accelerated
leukemogenesis in a model of heterozygous Tet2 deleted leukemia
whereas repletion prolonged survival (57). Thus, ascorbic acid is
currently being investigated in patients with CCUS
(NCT03418038; NCT03682029).

The final safety and efficacy results of the phase 2, single site trial
of high-dose intravenous ascorbic acid in patients with TET2 mutant
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CCUS was recently reported by Xie and colleagues (NCT03418038).
The treatment consisted of high dose intravenous ascorbic acid
administered three times weekly over twelve weeks. The primary
endpoint was hematologic improvement, as defined by the MDS
IWG 2018 criteria, at week 20. Secondary endpoints included safety
and adverse event grading. Ten patients were enrolled. The median
number of mutations was 3, suggesting higher risk disease (see
section 4). None of the subjects met criteria for hematologic
improvement. Interestingly, 3 patients displayed improvement in
cytopenias per CTCAE grading and correlative studies suggested a
connection between DNA hypomethylation at specific enhancer sites
and cytopenia improvement (58).

6.2 Epigenetic regulators: IDH1/2

Recurrent mutations in isocitrate dehydrogenase 1 and 2
(IDH1, IDH2) are found in myeloid neoplasms and predisease
(59, 60). These enzymes function in the Krebs cycle to catalyze the
formation of ai-ketoglutarate (0-KG) from isocitrate. Mutant IDHI/
2 generate the oncometabolite 2-HG from o-KG (61, 62) which
competes for binding to a-KG dependent enzymes such as TET2
and several lysine demethylases resulting in aberrant epigenetic
regulation (63) and a differentiation block (64). 2-HG has also been
demonstrated to perturb T cell metabolism and function impairing
the antitumor T cell response (65, 66) and indicating that IDHI/2
mutations affect tumor biology through both cell-intrinsic and
-extrinsic mechanisms. Clonal hematopoiesis with IDHI and
IDH2 precede AML with the same mutations (67). IDHI1/2
mutations have been identified as a high risk feature in clonal
hematopoiesis suggesting that therapeutic strategies targeting
mutant IDHI/2-driven biology in the future could alter the
natural history of mutant predisease preventing or slowing
progression to myeloid neoplasms.

Small molecule inhibitors of mutant IDH2, enasidenib, and
mutant IDH]I, ivosidenib and olutasidenib, are approved for the
treatment of IDHI/2 mutant AML. These inhibitors suppress
oncometabolite production, promote differentiation and overall
are well tolerated (68). Enasidenib is currently being investigated
in a phase I study for the treatment of IDH2-mutated CCUS with
the primary objective being the potential of enasidenib to induce
hematologic improvement and secondary objectives including
assessing for a reduction in the burden of IDH2 mutation as
well as AML- and MDS-free survival (NCT05102370). Ivosidenib
is under investigation in individuals with IDHI-mutated CCUS
with the primary objective also being hematologic
improvement. (NCT05030441).

6.3 Dysregulated inflammatory signaling

6.3.1 IL1B

Inflammaging is a term that has been coined to refer to the
increase in systemic inflammation observed in aging people and
murine models; for example, increased circulating levels of the pro-
inflammatory cytokines TNFa, IL1-B, IL-6 (13, 69). Inflammatory
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cytokines are elevated across the spectrum of CH ranging from
CHIP to MDS with driver-gene specific associations. TET2 mutated
CHIP is associated with elevated IL1-f3 whereas JAK2 and SF3BI
mutated CHIP correlate with elevated IL-18 (37). Proteomic
profiling of individuals with and without CH shows enrichment
of signatures related to inflammation and immune response to
infection in individuals with CH. These same pathways were also
enriched individuals with CH and anemia (70). Increased
inflammatory mediators are reported to favor the clonal
expansion of Tet2-deficient HSPC (71-73). IL-1 signaling
mediates the expansion of Tet2+/- clonal hematopoiesis in aging
(74). Genetic deletion of the IL-1 receptor, pharmacologic
inhibition of IL-1 signaling or antibiotics (suppression of the
bacterial microbiome) in a model of the aging hematopoietic
system, results in mitigation of age associated inflammatory
signatures and myeloid biased differentiation (75).

Canakinumab is a monoclonal antibody targeting IL1-B which
was investigated in the CANTOS (Canakinumab Anti-
Inflammatory Thrombosis Outcomes Study) trial in subjects with
high cardiovascular risk randomized to receive placebo or the
investigational agent. CV events were reduced by Canakinumab,
particularly in subjects with TET2 mutation, but there was no
survival benefit. An increase in infections was observed in
patients randomized to Canakinumab (76). An exploratory
analysis of the CANTOS study showed that the investigational
agent improved anemia, particularly in individuals with CH
mutations and anemia, in concert with reduced enrichment of
proteomic signatures related to inflammation and immune
response to infection (77). Canakinumab is currently being
studied in MDS with the initial experience indicating it is safe in
this population (NCT04239157; (78)). Canakinumab is also being
studied in a randomized, placebo-controlled trial in high risk CCUS
patients as a therapeutic intervention to prevent progression to a
myeloid neoplasm with secondary endpoints including the effect of
canakinumab on hematologic overall response rates and
cardiovascular episodes compared to controls as well as quality of
life (NCT05641831).

6.3.2 TGFB-SMAD

With initial observations suggesting overlap between high risk
forms of clonal hematopoiesis and low risk MDS as regards
inflammation, cardiovascular risk, cytopenias and survival
(citation) a logical step is to explore the impact of LR-MDS
therapy on clonal hematopoiesis. TGF-SMAD signaling regulates
hematopoiesis (79) and is overactivated in MDS. Preclinical work
targeting overactivated TGFB-SMAD signaling reported improved
hematopoiesis including attenuated anemia in models of MDS (80,
81). Luspatercept, is a ligand trap that contains the extracellular
domain of the activin receptor II (a member of the TGF[ receptor
superfamily) connected to the human IgG1 Fc (81). Luspatercept
was approved in August 2023 for first-line treatment of transfusion
dependent LR-MDS based on the results of the COMMANDS trial
(82). A subgroup analysis of the COMMANDS trial queried the
impact of luspatercept in the subset of patients with clonal
hematopoiesis related mutations in TET2, DNMT3A, ASXL1 and
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SF3BI1. Interestingly, luspatercept improved other blood counts
concomitant with anemia, including WBC count. It also led to
downregulation of inflammatory signatures and proinflammatory
cytokines/chemokines as well as significantly decreased hepcidin
and NT-proBNP. These findings create a rationale for including
patients with CCUS in future investigations with luspatercept (83).

6.3.3 JAK-STAT

VEXAS lies at the crossroads of clonal hematopoiesis and severe
inflammatory disease mediated by aberrant, UBAI-mutant
hematopoietic stem progenitor cells and innate immune effector
cells. Characterized by cytopenias, with vacuolization of
hematopoietic precursors on pathology, frequent manifestations
of VEXAS are fever and other constitutional complaints, rash
(including neutrophilic dermatosis), pulmonary infiltrates,
chondritis, arthritis, vasculitis, thrombosis. The initial report of
VEXAS also offered the first glimpse of upregulated innate immune
signaling pathways and potential targets to abort severe end organ
damage. Transcriptomics of isolated innate immune effector cells
showed upregulated TNFa, IL-6, IFNY signaling (23). A recently
described, rare disease with an estimated frequency of less than 1/
10,000 (84) to date, the majority of available treatment data is
retrospective. An international, retrospective analysis of patient
outcomes following treatment with JAK inhibitors reported that
15 of 30 patients (50%) had a clinical response. Response rates were
highest in patients treated with ruxolitinib compared to other JAK
inhibitors. Response to ruxolitinib was irrespective of an
accompanying myeloid neoplasm. The median duration of
clinical response was not reached with a median follow-up of 6.9
months. A significant increase in hemoglobin and platelet count
was observed in patients treated with ruxolitinib. However, in two
patients who underwent serial monitoring of mutant UBA1 variant
allele frequency, expansion of the UBAI-mutant clone was
measured (85).

6.4 Hypomethylating agents

The efficacy of azacitadine in the treatment of autoimmune
disorders associated with MDS or CMML has previously been
reported (86). More recently, the potential for azacitadine to
mitigate autoinflammation driven by UBAI-mutant clonal
hematopoiesis has also been reported. A retrospective study
analyzed 19 male patients with myeloid dysplasia and
autoinflammatory disease including 11 with VEXAS. Time to
next treatment was examined. The median time to next treatment
was 21.9 months for azacitadine (87). Notably, complete molecular
remission of VEXAS following treatment with azacitadine has been
observed (88). An open-label, single-arm multicenter, phase II
study of Azacitadine in patient with MDS/CMML and steroid
dependent/refractory systemic autoinflammatory disease
(NCT02985190) reported the first prospective results of VEXAS
(in association with a myeloid neoplasm), treated with Azacitadine
and observed that 75% of patients with VEXAS responded with a
rapid decrease in inflammatory disease accompanied by reduced
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steroid requirement (89). UBAI-mutant clonal hematopoiesis, with
or without an associated myeloid neoplasm, thus highlights the
immunomodulatory dimension to azacitadine activity.

7 Discussion

The genomic revolution led to the identification of “predisease”
in the hematopoietic tissue. The recent inclusion by the ICC and
WHO of predisease and MDS-defining genetic alterations reflect
our evolving diagnostic understanding of myeloid neoplasms and
their precursors. Several studies have demonstrated that CCUS and
low risk MDS have similar outcomes, suggesting that in the future,
additional molecular genetic mutations and/or co-mutation
patterns will join the ranks of MDS-defining genetic alterations.

Cohort studies have shown that CCUS is often present in cases
of unexplained cytopenias. The mutation profile of CCUS overlaps
between CHIP and MDS. Mutations in transcription factor or cell-
signaling genes have been observed in cases of progression from
CCUS to MN. Clonal metrics such as VAF >10%, number of
mutations =2, and presence of high risk mutations have high
positive predictive value for progression to MN. Advances in risk
stratification of CH suggest individuals at high risk of developing
myeloid neoplasm can be identified years in advance of overt
disease, based on clinical and genetic metrics. These patients may
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benefit from referral to Hematology for observation and possible
enrollment in clinical trials (Figure 1).

Two risk stratification models - CHRS and MN-Predict — have
been developed to improve the prognostication of CHIP/CCUS.
These models use clinical, laboratory, and molecular parameters to
provide either year-to-year or 10-year probability of MN. The
CHRS calculator is designed to identify a small group of
individuals at high risk of progression to MN who may warrant
referral to hematology. The MN-Predict calculator incorporates
metabolic parameters in addition to blood indices to provide a more
granular year-by-year risk of progression to each MN subtype.
Although tested against external CHIP/CCUS cohorts, these models
have yet to undergo prospective validation or head-to-head
comparison. Both models were developed using the UK Biobank
data set which has several limitations including the cohort’s
relatively young age, lack of bone marrow assessments at
enrollment, and low incidence of CHIP/CCUS. Unlike the IPPS-
M for MDS, these models omit the presence of chromosomal
abnormalities which may further enhance prognostic value.

Multiple approaches are under investigation with the aim of
interrupting the progression of CCUS. Therapeutic strategies have
focused on addressing aberrant epigenetic regulation or dysregulated
inflammatory signaling. Hematologic response rate and evaluation of
clonal metrics have emerged as useful primary-end points in CCUS
clinical trials, although a standardized response assessment is still
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[llustration of proposed risk stratification models for clonal hematopoiesis and potential future interventions for high-risk CCUS. Presence of clonal
hematopoiesis may be detected through tumor profiling in solid cancers, hereditary cancer predisposition testing, cell free circulating tumor DNA
testing, and evaluation of cytopenia. Risk stratification is based on patient’'s age, presence of CCUS vs CHIP, blood parameters including degree of
cytopenia, RDW, and MCV, as well as molecular characteristics of CH (presence of DNMT3A mutation, number of mutations, presence of high risk
mutations, and VAF > 20%). Two web based clonal hematopoiesis risk calculators have been published - CHRS (44) and MN Predict 33 #174, but
remain to be validated. The potential of the IPSS-M, developed for MDS prognostication, to risk stratify CCUS is under investigation. Clinical trials for
CCUS include interventions aimed at modification of epigenetic regulation and inflammatory signaling. Cardiovascular risk assessment and
management of chronic disease is indicated in all CHIP/CCUS. Created with Biorender.com.
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needed. Further evidence-based recommendations and guidelines are
needed for the risk stratification and management of CCUS.
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