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Abstract

Acquired genetic or cytogenetic alterations in a blood stem cell that confer clonal fitness promote
its relative expansion leading to clonal hematopoiesis (CH). Despite a largely intact hematopoietic
output, CH is associated with a heightened risk of progression to hematologic malignancies

and with non-hematologic health manifestations, including cardiovascular disease and overall
mortality. We focus on the evidence for the role of inflammation in establishing, maintaining and
reciprocally being affected by CH. We describe the known pro-inflammatory signals associated
with CH and preclinical studies that elucidated the cellular mechanisms involved. We review the
evolving literature on early-onset CH in germline predisposition conditions and the possible role
of immune dysregulation in this context.

Intrinsic and extrinsic forces and their interactions that shape the
hematopoietic landscape

Adaptive behaviors underlie the dynamics of individual cells and clonal cell populations
within a single organism or an organ. This adaptation is itself dynamic and is shaped

from the time of development through growth and aging of the organism. In the past
decade examples of relative fitness and clonally dominant states have been documented in
various tissues including blood [1-3], skin [4], lung parenchyma [5], esophagus [6], colonic
epithelium [7], liver parenchyma [8], and endometrium [9]. The mechanisms that lead to
the establishment, selective adaptation, and growth of these genetically identified clones
are yet to be determined. Mutational burden increases linearly with age in a given tissue
[6,10], although the rate of mutations is different between tissues, the lowest being in blood
and the highest in colonic tissue [11]. Assuming stochastic acquisition of mutations in a
cell in a given tissue, it remains unclear what prompts the advantage of a clone with a
somatic mutation over others. The reasons for the selective advantage of a mutant clone
may be constant or may change with age or environmental stressors. What constitutes as
“fitness’ in a cell at one point could potentially be detrimental for it in another condition.
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Hence, the forces shaping clonal fitness are likely to be both cell-intrinsic and cell-extrinsic,
encompassing hematopoietic as well as non-hematopoietic niche components.

In this review we focus on the clonal fitness of the blood cells due to acquired somatic
mutations, and we examine the literature for evidence of various influences that promote
clonal fitness, emphasizing the role for inflammation. We also evaluate the phenomenon of
clonal hematopoiesis (CH) in the context of germline predisposition conditions and how
constitutional genetic mutations may influence the environmental landscape for blood clones
with acquired mutations. The data discussed are largely based on preclinical animal models,
but studies from large human cohorts are enriching our knowledge at a fast pace.

Clonal hematopoiesis and human health

CH is a non-malignant hematologic phenomenon characterized by the relative expansion

of a mutant hematopoietic stem and progenitor cell (HSPC) clone associated with the
acquisition of somatic mutations. Original observations of a skewed hematopoietic output
were first described in the 1960s with mosaic X chromosome activity [12,13]. Decades later,
with the advent of large-scale sequencing, the association of recurrent genetic mutations
and CH started to emerge [1,2,14,15]. Initially coined clonal hematopoiesis of indeterminate
potential (CHIP) for clonal outgrowths with leukemia-driving gene mutations, it is now
recognized that CH may occur in association with mutations in genes that are not typically
seen in malignancies, noncoding mutations, as well as clonal growth associated with
cytogenetic abnormalities [16,17]. The leukemia-associated genes with recurrent mutations
implicated in CH have grown since the original publications in 2014, however, the top three
remain DNMT3A, TETZ, and ASXL1. The other genes underlie CH with more variable
incidence between cohorts, and appear at a lower frequency as they are more likely to be
associated with symptomatic disease states [18]. The prevalence of CH varies depending

on the assays used and the depth of sequencing achieved. By whole exome or genome
sequencing, clonal growths without a ‘driver’ mutation have been identified at all ages,
reaching a prevalence of up to 50% by the ninth decade [16]. Error-corrected sequencing

of candidate genes that can detect clones as small as 0.03% in size also demonstrated a
higher prevalence of CH with multiple gene variants [19]. Most commonly used platforms
employ panels of targeted leukemia-associated genes or mutational hotspots of those

genes, that typically report a CH prevalence of 30-90% by age 90 years [20,21]. The

CH mutations occur in early multipotent progenitors, possibly HSPCs, because mutational
analyses of lymphoid and myeloid cells have confirmed the presence of the same variants
[19]. There are subgroups of CH that may have underlying biological differences from

the original definition that are worth noting. The genetic landscape of therapy-related CH

is characterized by disproportionately increased somatic mutations in 7P53and PPM1D
that likely expand in the context of genotoxic chemotherapy or radiotherapy [22-25]. In
adult patients these clones are typically pre-existing and are selected for after treatment,
whereas in children they appear after therapy, although sequencing depth and the low
prevalence of CH in children should be taken into consideration [26]. Premalignant CH has
also been identified in patients who develop lymphoid malignancies, and carries a different
mutational landscape, referred to as lymphoid-CHIP to distinguish it from myeloid-CHIP
which is dominated by the DNMT3A, TETZ, and ASXL 1 variants [27]. Age-related mosaic
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chromosomal alterations (MCASs) are also markers of clonal outgrowths [28]. Irrespective
of the etiology and the underlying genetic mutation, the presence of CH is associated

with a heightened risk of developing hematologic malignancies [1,2,25,27,29], and thus
understanding mechanisms that establish and maintain this premalignant process could
potentially lend therapeutic opportunities for prevention, combination therapy for improved
outcome, and/or post-transplant prophylaxis. The discussion that follows will largely focus
on myeloid CH which has been most extensively studied to date.

In addition to hematologic malignancies, a curious link between CH and systemic health
consequences was first implicated in a study where the authors noted an association between
clonal chromosomal mosaic events and type 2 diabetes with vascular complications [30].
This observation was repeated in subsequent reports which also added the significantly
increased risk of all-cause mortality and particularly cardiovascular disease (CVD) [31,32].
Various other systemic effects have been described in association with CH, including
chronic obstructive pulmonary disease and other pulmonary disease [16,33,34], and possibly
sickle cell disease [35], although the latter association did not persist in a larger sequencing
study where no increased rate of CH was seen [36]. A question naturally arising from these
clinical studies concerns whether CH is a cause or a consequence. It is plausible that both
the CH and the diseases associated with it are a result of aging and related processes.

Several elegant studies in preclinical models and some observations in human patients have
pointed to a strong link between CH and pro-inflammatory states driven by the mutant
clones themselves. A murine model was used by two independent groups to study the effect
of both heterozygous and homozygous loss of 7e£2[31,32]. It was shown that transplanted
Tet?-deficient bone marrow cells had a competitive advantage over the wild-type cells. The
recipients of the transplanted cells were Ld/rknockout mice which have high levels of
cholesterol and are susceptible to developing atherosclerosis on a high-fat diet [37]. The
Ldlr!= recipients of 7et2knockout HSPCs had larger atherosclerotic plaques compared to
the control mice when fed a high-fat diet; the effect in the heterozygous 7et2knockout was
relatively milder. The difference in the plaque size was only noted in the context of being fed
a high-fat diet because animals on a normal diet did not exhibit any measurable difference
[31], suggesting that environmental triggers that promote and/or maintain the effects of
mutant hematopoietic cells are indispensable. Both studies further tested and supported

the hypothesis that mature myeloid cells, specifically macrophages, were responsible for
this phenotype. The mutant macrophages expressed increased levels of pro-inflammatory
cytokines, including interleukin-1p (11-18) and I1-6, particularly in response to low-density
lipoprotein (LDL) or lipopolysaccharide (LPS) and interferon gamma (IFN-vy), potentially
further promoting the inflammatory cycle. In a complementary work testing the effect of a
Jak2 mutation in a model of coronary artery ligation and heart failure, the authors showed
in recipients of the mutant myeloid cells that there was larger infarct size, increased cardiac
hypertrophy, and eventually increased fibrosis [38]. Similarly to the 7e£2model, increased
levels of 11-6, 11-1pB, and tumor necrosis factor a (TNF-a) were observed in the infarcted
area. Further details on these studies are reviewed elsewhere [39]. In a murine emphysema
model induced by cigarette smoke exposure and polyinosinic:polycytidylic acid [poly(l:C)]
injections to mimic heightened inflammation from smoking, the authors reported increased
development of the disease in recipients of 7et2knockout bone marrow cells, even at donor
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chimerism of only 15% corresponding to a human variant allelic frequency (VAF) of about
7.5% [34]. Of note, clinically adverse effects in humans have been typically associated with
VAFs of 10% or greater [32,34]. In this emphysema model, again, exogenous stimuli were
required for the blood cell genotype difference to be observed in disease manifestation.
Lastly, murine Dnmt3a mutant hematopoiesis has been shown promote osteoporosis and
bone loss through increased osteoclastogenesis that could be reversed by bisphosphonate
treatment [40]. These studies suggest that the mutant clonal process in hematopoiesis,
particularly in macrophages, in the context of environmental stressors, accelerates the
presentation of age-associated diseases such as CVD, type 2 diabetes, pulmonary disease,
and osteoporosis. The disease process itself has been suggested to reciprocally accelerate
CH [41] (Figure 1). We next examine the effects of systemic disease and CH on the HSPC
compartment itself.

CH effects on hematopoiesis and initiating mutant HSPC clones:

inflammation as a driver

It is not yet clear how CH is initiated and more importantly how the mutant clone is
maintained leading to its expansion. Understanding these pathways can be harnessed for
therapeutic purposes to derail future growth and malignant transformation. It is plausible
that somatic mutation acquisition occurs by chance, perhaps early in life or /n utero, and
experiences growth over time, at times in small bursts of relative expansion compared to
non-mutant clones, as inferred from one study on JAKZ mutations in myeloproliferative
neoplasms (MPNSs) [42]. Analyses have shown differential fitness of variants of common
CH genes where nonsynonymous variants are under stronger positive selective pressure
whereas most synonymous variants are affected by neutral drift [43]. The growth of the
mutant clones often differs in rate; for example, DNMT3A mutant clones are relatively
slow-growing at ~5% per year while SRSF2mutants clones may grow as fast as 20%

per year [21]. Corroborative studies using longitudinal data have shown that gene-specific
fitness is independent of when the mutation was acquired [44]. These early data suggest
that the rate for a given mutant clone is generally constant, and could potentially be altered
by environmental changes or the acquisition of additional mutations that may lead to clonal
bursts. However, it is not clear how these clones grow and how these various mutations
confer a similar biological output of fitness. Cell-intrinsic, cell-extrinsic, and combinatorial
etiologies have been proposed through a number of studies. Many of these mechanisms were
expertly reviewed previously [45].

The CH mutations may lead to a relative increase in proliferative rate or an increased
proliferative response to external stimuli, including systemic disease such as atherosclerosis.
In murine models, 7et2loss, including the more clinically relevant 7et2heterozygous
knockout state, confers increased competitive repopulating capacity in Ld/r’~ recipients

on a high-fat/high-cholesterol diet notable both at the level of mature cells and the

HSPC compartment in the marrow [31]. Although full 7et2loss results in HSPC self-
renewal increase on normal diet recipients, 7et2heterozygous cells were less robust

in their competitive repopulation [46]. A complementary study demonstrated increased
Tet2= HSPC proliferation in both Apoe™'~ mice on atherogenic diet after competitive
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transplantation and in bone marrow samples from human patients with atherosclerosis

[41]. 1t is not clear, however, whether this increased proliferative signal is due to the

mutant or wild-type clones or both. Using mathematical modeling, the authors proposed
that clones with a driver mutation have an increased average proliferation rate, thereby
gaining ground in the hematopoietic output at the level both the stem cell self-renewal

and mature cell differentiation [41]. Dnmt3a mutant models have repeatedly confirmed the
heightened self-renewal of Dnmt3a™~ cells that is amplified with serial transplantation
[47,48]. However, in competitive transplantation into recipient wild-type mice without
additional stimuli, the advantage of Dnmi3a mutant cells is not significant and is only
apparent in the context of chronic Mycobacterium avium (M. avium) infection [49].

Asx/1 knockout HSPCs are less fit in competitive transplants compared to their wildtype
counterparts, although aged HSPCs had increased growth advantage that was dependent

on Akt/mTOR signaling [50-52]. Ppm1dloss confers an advantage only in the context of
the selective environment of cytotoxic chemotherapy or radiation, but not in steady-state
post-transplant conditions [53,54]. There is paucity of data of specifically looking at mutant
HSPC proliferation in these models, and their outgrowth over wild-type cells may be
related to other selective signals discussed below. Furthermaore, murine models to date have
relied on transplantation assays for assessing the functional consequences of CH mutations.
The transplantation model, although informative, can present clonal bottlenecks, selection
for other fitness characteristics, force replicative stressors otherwise not experienced by
HSPC clones, and describe cellular competition in an irradiated niche. There are limited
data on the endogenous mutant HSPC compartment compared to wild-type counterparts.
Approaches that combine transcriptional information with genotyping for a known mutation
will provide a physiological and relevant means to evaluate the nature of the mutant cells

in an endogenous niche, side by side with the wild-type cells [55,56]. One such approach is
genotyping of transcriptomes (GoT) that acquires the genotypic identity of a single cell in
addition to transcriptional states via single-cell RNA-sequencing assays. GoT was utilized
to evaluate CALR mutations in MPN models [56] and DNMT3A mutant CH [57], revealing
mutant cell-specific pathways in the context of the native niche.

The differential proliferative state of the mutant HSPCs that results in increased self-renewal
or increased differentiation, often in the context of exogenous stimuli, may partly explain
the clonal expansion. Studies have suggested that these environmental signals are frequently
pro-inflammatory cytokines that play a larger role in selecting for and promoting CH.
Increased levels of inflammatory cytokines and chemokines have been recognized as a
significant association with CH in human studies, even following stem cell transplantation
with donor-derived CH in the hosts [20,32,58]. Elevated IL-8 and IL-1p levels have been
reported in patients with 7£72CH in the Pakistan Risk of Myocardial Infarction Study
(PROMIS) [20,32], positive correlations were observed between IL-6 levels and DNMT3A,
TETZ2 and ASXL1 mutant CH, heightened IL-18 levels with JAKZand SF3B1 [20], and
with IFN-y and other cytokines in recipients of DNMT73A-mutant CH upon stem cell
transplantation [58]. Multivariable analysis of adults with HIV-positive status, which is
associated with elevated plasma IL-6 levels, demonstrated increased prevalence of CH

with DNMT3A, TETZ, and ASXL 1 variants [59]. The Montreal Heart Institute Biobank
study identified increased C-reactive protein levels, a nonspecific marker of systemic
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inflammation, in all CH carriers irrespective of the mutated gene involved [60]. These
data reflect plasma cytokine levels, and the inflammatory milieu of the bone marrow
niche remains unclear. The correlative relations between CH with a particular mutation
and the cytokines may be refined with more investigations, although it is possible that

any combination of chronic pro-inflammatory signals could promote clonal dominance

of mutant HSPCs over time. Whether an existing pro-inflammatory state augments the
establishment of CH or the CH establishes its own pro-inflammatory environment remains
an open question in human studies.

Preclinical studies using Dnmt3a-mutant HSPC transplantations showed growth of the
mutant cells in competitive transplants in the context of chronic M. avium infections

[49]. This chronic infection model has previously been shown to be mediated by a

sustained IFN-y response [61]. /fngr'=; Dnmt3a™'~ transplanted cells lost their competitive
ability upon M. avium infection, and IFN-y injections promoted the growth of Dnmt3a
mutant cells in the absence of the chronic infection, supporting that IFN-y signaling is
necessary and sufficient for the fitness of Dnmt3a knockout hematopoiesis. Thus, although
cell-autonomous proliferation of mutant HSPCs in CH could contribute to their expansion,

a major determinant of their expansion may be the positive selective environment of pro-
inflammatory signaling. Chronic pro-inflammatory signaling due to chronic infections or
repetitive sterile inflammation, however, has been shown to be detrimental to HSPC self-
renewal, promoting loss of quiescence and differentiation [61-65]. Using histone 2B-GFP
label-retention assays which use an inducible GFP pulse-then-chase system to identify slow-
cycling label-retaining cells [66], the authors showed that the demise of the functional stem
cell population was not due to systemic inhibitory effects of inflammation on hematopoiesis
but was due to increased proliferation of HSPCs, as label-retaining long-term HSPCs did not
lose their repopulating capacity with chronic inflammation [65]. They further demonstrated
that while repetitive sterile inflammation did not result in major gene expression changes, it
resulted in hypomethylation of promoters of inflammatory (particularly interferon) response
genes, leading them to conclude that self-renewal is epigenetically regulated in this model.
The attrition of the wild-type HSPC pool through increased differentiation in the context of
pro-inflammation would result in a relative growth of the apparent size of the mutant HSPCs
given a differential response to the inflammation, in a gradual and potentially exaggerated
manner over time (Figure 1).

Innate immunity as key mediator of inflammation

Over a lifetime of an organism, repeated infections, autoimmune dysregulation, systemic
disease that promotes inflammatory signals such as CVD, or other physiological stresses
including metabolic stress or sleep deprivation may lead to systemic inflammation that
provides cumulative, chronic positive selective pressure upon CH clones [67]. Aging itself
could be an additional independent source of inflammation [68]. An important cell type
that has emerged as a particularly crucial mediator of tissue-level inflammation in CH

and systemic diseases associated with CH is the macrophage, an innate immune cell.
TetZ?and Ppm1d mutant murine models have demonstrated an increased inflammatory
signature in mutant macrophages, with heightened inflammatory cytokine production upon
pro-inflammatory stimulation /n vitro [31,32,69,70]. A zebrafish model of CH which
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uses CRISPR-Cas9 mutagenesis to introduce edits in common CH genes resulted in a
diverse set of mutations, dominated by those in asx/, (53, and the DNMT3A ortholog
anmt8[71]. This model identified increased expression of pro-inflammatory cytokines,
including 111b and TNF superfamily member Tnfb, in mutant macrophages isolated from
the marrow compared to macrophages from control animals [71]. This suggested that the
pro-inflammatory signals are produced by the mature progeny of mutant HSPCs, acting
within the environment where HSPCs reside. As discussed earlier, elevated inflammatory
cytokine and chemokine levels have been identified in persons with CH [20,32,58]. Thus,
it is conceivable that a local pro-inflammatory microenvironment in the marrow could be
established by mutant macrophages that provide localized inflammatory signals.

Inflammation from the innate and adaptive immune systems is a critical defense system
against pathogens. Inflammatory cytokines, such as IL-1p, IL-6, IFN-y, and TNF-a
produced by macrophages, are the main mediators of innate inflammation. The production
of these cytokines requires a metabolic shift in mature macrophages that is associated with
increased reactive oxygen species (ROS) production, expression of the pro-inflammatory
transcription factor hypoxia-inducible factor (HIF)-1a, and pro-inflammatory cytokine
production [72]. We speculate that CH mutations may lead to chronic macrophage
activation either by inducing a cell-intrinsic pro-inflammatory profile or by promoting
hyper-responsiveness and increased cytokine production to exogenous environmental
stressors. The byproduct of this may be a mutation-specific inflammatory profile, as
observed in a large cohort [20]. We propose that an epigenetic state established by the

CH mutations maintains this program.

Microbial infections can result in epigenetic memory in innate immune cells, a process
termed trained innate immunity (TII) [73-75]. The essential concept of Tl is that an initial
immune response in myeloid cells results in epigenetic rewiring such that a subsequent
trigger leads to a heightened immune response. Studies have shown that TIl occurs not only
in mature myeloid cells, as previously believed, but also in immature progenitors, and thus
can be long-lived [74,76]. TII results in changes in metabolic states in long-term HSPCs,
changes in gene expression associated with pathways of cholesterol biosynthesis, changes
in ROS production by myeloid cells, and changes in inflammatory signaling [76,77]. It is
possible that CH mutations alter the epigenetic landscape of the HSPCs and their progeny,
particularly macrophages, in a way that would more readily lead to the establishment of TII.
Elegant 7et2and Dnmt3a mutant models of murine hematopoiesis and others will be crucial
contexts in which to test this hypothesis and to evaluate the specific epigenetic signature

in HSPCs and their myeloid progeny that could lead to TII by promoting and intensifying
the inflammatory signals with every environmental trigger. This maladaptive form of TlII
would provide the necessary selective force for CH clones. However, if chronic/repetitive
inflammation is detrimental to HSPC self-renewal and function in the long term, it is still
puzzling how the mutant HSPCs survive and even thrive in this environment.

The role of adaptive immune cells in CH is an active area of research. The CH mutations
occur in HSPCs, and thus also result in mutant lymphoid cells, including T cells, which
are also capable of altering the immune microenvironment. The role of CH mutations in
epigenetic factors in T cell biology has been explored in the context of chimeric antigen
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receptor T cells (CAR-T cells) used in treatment of hematologic cancers. One of the first
observations was in a case report of a patient treated with CD19-directed CAR-T cells
where the lentiviral vector integrated and disrupted the 7£72locus with a hypomorphic
second allele [78]. The T cells with dysfunctional TET2 had an abnormal epigenetic
landscape consistent with loss of TET2 and demonstrated functional changes with increased
production of TNF-a, IL-2, IL-6, and other cytokines upon stimulation. Another study
evaluated the effect of DNMT3A loss on CAR-T cells and showed that these cells had an
increased ability to proliferate without acquiring a canonical exhaustion phenotype in the
context of chronic stimulation [79]. DNMT3A™~ T cells had increased production of I1L-10
and showed an exhaustion-resistant phenotype. These studies highlight the plasticity of CH
mutations, their consequential effects on various types of immune cells, and how those
effects may shape the evolution of CH.

Survival pathways in mutant HSPC clones in CH

In addition to cell-intrinsic causes of increased self-renewal capacity, it is imperative

to understand the prosurvival pathways utilized by mutant HSPCs to promote clonal
expansion. Human myelodysplastic syndrome (MDS) HSPCs have shown significant innate
immune system dysregulation and resistance to the pro-proliferative effects of inflammation
[69,80,81]. Similar evidence of a differential response to inflammation of CH HSPCs as a
means to increased fitness has been limited. /n vitro studies using murine 7627/~ lineage
marker-negative marrow cells with 24 days of TNF-a exposure showed decreased apoptosis
[69], suggesting that the immature cells may better survive prolonged inflammatory stimuli.
Complementary work explored the mechanism behind this phenotype and identified an
antiapoptotic long non-coding RNA called Morrbidthat mediates downregulation of Bim,
downstream of a hyperactivated SHP2-STAT3 signaling axis in 7e£27/~ HSPCs [82]. This
again would suggest that mutant HSPCs have the capacity to downmodulate inflammatory
signals going through the STAT3 axis that would typically be detrimental for wildtype
HSPC survival. How T7et2loss leads to Morrbid overexpression is not known. This could be
mediated by direct regulation of the promoter or indirectly through elevated phosphorylated
STATS3, as proposed by the authors [82].

A zebrafish model of CH using an approach called TWISTR (tissue editing with inducible
stem cell tagging via recombination) identified a survival pathway within the mutant

HSPCs involving inflammatory modulators [71]. The approach combined CRISPR-Cas9
mutagenesis with color labeling of HSPCs at birth during the development of zebrafish
embryos. This allows the identification of color-labeled mutant clones that expand and read
out as dominant clones in fluorescence analysis of the multicolored marrow. This work
focused on the intracellular changes of mutant HSPCs, particularly on differential gene
expression. When comparing the transcriptional profile of HSPCs in mutant zebrafish to
control animals, the authors found overexpression of several molecules, such as socs3a, atf3,
and nr4al, that were critical for regulating the intracellular inflammatory responses. NR4A1
and other NR4A family members are known for their immunomodulatory role in mature
cell types, most commonly in T cell and macrophages [83,84]. Deletion of Nr4a1 and
Nr4a3resulted in loss of self-renewal of HSPCs [85,86]. The role of NR4A family members
in HSPCs with respect to inflammatory pathway regulation is not known. The authors
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hypothesized that upregulation of NR4A1 and other immunomodulatory proteins may
regulate the level of chronic inflammatory signaling that mutant HSPCs are exposed to, thus
lowering the degree of their proliferative response relative to wild-type cells, and preserving
their stemness and fitness. Using TWISTR, the authors showed that homozygous loss of
nrd4al in asx/1 mutant clones prevented clonal growth, suggesting that NR4A1 is necessary
for clonal expansion [71]. How mutant ASXL1 induces NR4A1 expression is not known.
C-terminally truncated ASXL1 binds to the Ar4aZ locus in murine marrow cells, suggesting
a possible direct mechanism of regulation (analysis of data in [51]). Given the correlations
between particular CH mutations and pro-inflammatory signals, we posed the hypothesis

of engagement of a mutation-dependent anti-inflammatory pathway that resulted in this
prosurvival phenotype of the mutant HSPCs. Whether the pro-inflammatory phenotype

in macrophages and the anti-inflammatory phenotype in HSPCs is due to the same

pathway dysregulation by the acquired mutation or involves engagement of cell type-specific
mechanisms remains to be determined. Our hypothesis predicts that mutant HSPCs in CH
establish the proinflammatory environment via their mature progeny (e.g., macrophages),
where they survive better than the wild-type HSPCs. A similar positive feedforward model
of competitive outgrowth of mutant cells has been shown in intestinal stem cells where Apc
mutant clones secrete WNT antagonists that promote the differentiation of wild-type clones
[87]; because Apc-mutant cells themselves are insensitive to WNT modulation, this leads to
their expansion and adenoma formation.

Local inflammatory signals provided by the mutant myeloid cells could potentially create
microniches in the marrow where the prosurvival phenotype of resistance to inflammation
would be selected for. As such, this physically restricted signal would limit the relative
growth of the mutant HSPCs compared to wild-type cells. It has been observed in several
cohorts that the VAFs of CH clones are typically small and do not expand significantly
without additional transforming events [20,88]. This physical limitation could be due to
proximity to limited niche signals including inflammatory signals [89], differential antigen
presentation that has been shown be important for T cell-mediated HSPC clearance [90],
or other so far undiscovered selective pressures. Dysregulation of niche inflammation could
also contribute to cancerous transformation of CH clones [91]. Understanding the local
environment around mutant and neighboring wild-type HSPCs in model systems would

be an important next step towards uncovering the chronic selective forces underlying the
establishment, maintenance, and malignant transformation of CH clones. An important
context for studying the dynamics of mutant clones and the premalignant biology of CH is
germline predisposition conditions where the various selective pressures intersect with and
are potentially altered by the germline genetic pathology (Box 1).

Therapies to restore immune balance as a means to control clonal growth

in CH

CH has found itself at the interface of hematopoiesis, CVD, and other systemic diseases
[88]. Despite its hematologically silent nature, CH has been associated with increased
mortality and morbidity [1,32]. Therapies to halt or reverse CH, particularly CH associated
with a high risk of malignant transformation, is a central goal in the field. Approaches
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could include potentiating wild-type cells for increased competition, altering the selective
forces that provide an advantageous environment to the mutant cells, or both. Using the
7etZ”!~ murine model, it was found that the I1-6/ Morrbid axis through STAT3/SHP2 is a
crucial pathway used by the mutant cells in competitive transplantation assays [82]. The
authors then blocked the pathways with chemical inhibitors of both NF-xB and STAT3
(E3330), or SHP2 (SHP099), and showed that either of these compounds abrogates the
competitive growth of aged 7227/~ cells and reduces serum IL-6 levels [82]. Anti-IL-6
antibodies reduced the growth of 7ez2/~ cells in culture and reduced number of myeloid
cells /n vivo, although it remains unclear whether such therapy alters their competitive
growth advantage [92]. Interventions to alter the metabolic state of mutant cells have also
been explored using vitamin C [93,94]. An intriguing role for mitochondrial stress and
cGAS signaling has been proposed in DNMT3A- and TET?-related CH, suggesting a

role for cGAS inhibitors and blockade of IFN-vy signaling [95]. A clinical trial has tested
the effect of neutralizing pro-inflammatory IL-1p signaling in CVD [Canankinumab Anti-
Inflammatory Thrombosis Outcomes Trial (CANTOS); ClinicalTrials.gov NCT01327846]
[96]. Participants were treated with three different doses of anti-IL-1f antibody once every
3 months, and cardiovascular events were measured as the primary outcome. An exploratory
study within the CANTOS trial evaluated the role of CH in this outcome, although the
conclusions remain somewhat limited given the number of patients with CH. A modest
decrease of cardiovascular events was observed in patients with TET2 CH, with a hazard
ratio of 0.38 (95% confidence interval, 0.15-0.96), which was not seen in patients with
non- TET2 CH. A complementary approach of IL-1p level control could be through blocking
the NLRP3-mediated production of the cytokine through the inflammasome, which has
been tested with MCC950, an inhibitor of NLRP3, in the 72z27/~ murine transplant model
[97]. Possible therapeutic avenues may also focus on the inflammatory defense mechanisms
of the mutant stem cells, for example by targeting immune modulators such as NR4A1
and SOCS3. Longer and larger randomized studies will be necessary to draw definitive
conclusions about the benefits of anti-inflammatory therapies not only to reduce CVD

risk in the short term but also to reduce the development of hematologic malignancies by
reducing the growth of mutant clones. Ongoing efforts to better define high-risk CH that
has a higher potential of resulting in adverse health outcome are crucial and will help to
define the populations for interventional studies. These efforts may identify an ‘adaptive
CH’ phenomenon where acquired mutations do not have negative health outcomes or are
protective in certain clinical circumstances.

Concluding remarks

CH has emerged as a critical interface of between hematopoiesis and systemic disease
largely mediated by innate cell-driven inflammation based on research in preclinical
models. As expanding research in patients educates us about the mutational landscape of
various subtypes of CH, such as myeloid, lymphoid, therapy-related, and more recently
germline predisposition-related CH, it will further enrich our knowledge of specific
mutation-associated health consequences. The identification of high-risk CH that increases
the risk of hematologic cancers, compared to those that do little to the hematopoietic output
but increase cardiovascular risks, would assist clinicians to accurately follow and intervene
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with therapies. Understanding the mechanism of mutant HSPC fitness that results in CH will
be crucial in finding therapeutic opportunities to block the expansion of mutant clones and
their transformation. These mechanisms might be shared but also different for CH in the
context of germline predisposition conditions that affect children and adults. Technological
advances using single-cell assays will aid the rigorous research in CH. These span emerging
approaches such as multi-omic assays that combine gene expression, epigenetic profiling,
and mutational profiling at a single-cell level, which currently suffer from low recovery rates
for accurate mapping of mutant versus wild-type cells in the same sample, and are limited

to small-scale investigations that constrain drawing generalizable conclusions. In addition,
lineage-tracing technologies could also expand our ability to construct the clonal dynamics
over decades [98]. Continued exploration via all these fronts and integrating clinical
information through the lifetime of an individual will be valuable in our understanding

of the pathobiology that leads to CH and its effects on health (see Outstanding questions).
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Highlights

Clonal hematopoiesis (CH) is associated with elevated pro-inflammatory cytokines which
act as a driving force for clonal expansion.

Recurrent or chronic infections and sterile inflammation may predispose to CH,
particularly in cases of germline predisposition.

Blocking inflammation may be a viable therapeutic approach for high-risk CH and
associated hematopoietic and non-hematopoietic health sequelae.
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Box 1.
Germline predisposition conditions and early-onset CH

CH is typically associated with advancing age. It is the single strongest correlate to

CH incidence, whether assessed by targeted CH gene panels or by whole genome
sequencing platforms [16,20]. The fraction of samples with detected CH assessed by
targeted gene panel sequencing in persons younger than 25 years of age is very small
[16]. The prevalence of CH in young patients following chemotherapy for childhood
cancers was also low [26]. In asymptomatic young individuals with germline conditions
with predisposition to hematologic malignancies, the prevalence of early-onset CH

may be higher [99-102], although no systemic assessment has been published to

date. In asymptomatic individuals with GATAZ deficiency and RUN.X1 familial platelet
disorder (RUNXI-FPD), clonal growths with typical CH gene mutations can be found in
otherwise well adolescents and young adults, although the landscape of mutations may
not mirror that found in the general population.

Two important distinctions about CH in the context of germline predisposition should

be acknowledged. First, asymptomatic patients with germline predisposition often do

not have abnormal blood counts and/or bone marrow findings that are characteristic of
the specific underlying genetics. For example, RUNXI-FPD is often associated with
thrombocytopenia and bleeding symptoms, GATAZ deficiency may be associated with
hypocellular marrow or low monocyte count, and Fanconi anemia and telomere biology
disorders may be associated with various cytopenias with dysplasia or atypical marrow
findings inconsistent with malignancy. Thus, the strict definition of CH as a clonal
growth with normal hematologic parameters may not apply. Second, the germline genetic
lesion in HSPCs likely presents a selective pressure for somatic genetic changes that may
alleviate the detrimental effects of the germline mutation on HSPC survival. These types
of events, termed somatic compensations [103], often result in clonal growths and likely
represent a separate path to CH. Examples of this phenomenon have been described

in Shwachman-Diamond syndrome (SDS) where clones with deletion of 20q (del20q)

or mutations in £/F6 on chromosome 20q arise [104-106]. Similarly, mutations in the
shelterin complex gene POT1 have been described in telomere biology disorders as a
means of somatic genetic reversion [107]. Somatic compensations may be adaptive, as

in the case of del20q in SDS, or maladaptive, such as mutations in 7P53in SDS or the
acquisition of monosomy 7 in SAMD9and SAMDIL deficiency, which are associated
with a higher risk of malignant transformation of the altered clone [104,108]. CH

could also be a byproduct of HSPC pool attrition secondary to the germline mutations
important for HSPC development, allowing a relatively larger size of the somatic

mutant clone by virtue of reduced total HSPC numbers. The latter hypothesis has not
been formally tested by careful clonal analysis of the endogenous HSPC population in
patients with germline predisposition. Nevertheless, early-onset CH, independently of the
compensatory nature of the acquired mutation, carries a risk of malignant transformation
occurring in germline conditions [104], and may present a unique opportunity to study
the mechanisms involved in the process. Early-onset CH may mirror aging-related CH
processes in an accelerated manner, but most likely is subject to other selective pressures.
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Our understanding about the selective pressures that could promote early CH in germline
predisposition conditions is limited. It is possible that inflammatory dysregulation and/or
a higher baseline inflammatory state nurture early establishment of CH. Many of the
associated immunological phenotypes of germline predisposition conditions have been
reviewed elsewhere [109]. A recurrent theme includes a degree of immunodeficiency
due to neutropenia, lymphopenia, or immune dysregulation that results in frequent
complicated or uncomplicated infections and thus chronic repeated exposure to
inflammatory stimuli. The immune defects may be in the cellular or humoral arms, or in
both, as seen in Diamond-Blackfan anemia [110], SDS [111], telomere biology disorders
[112,113], and GATAZ deficiency [114,115]. Furthermore, immune dysregulation with a
spectrum of autoimmune disorders is being recognized to be disproportionately high in
some germline predisposition conditions. These include eczema and allergies in RUNX1-
FPD [100], and autoinflammatory diseases in SAMDIL deficiency [116] and SDS [117].
One study documented an altered protein composition in the plasma of six patients with
SDS, and many were consistent with increased inflammatory pathways by gene ontology
analysis [117]. Germline £E7V6 loss leads to altered progenitor maturation and increased
pro-inflammatory cytokine production resulting in aberrant B cell differentiation [118].
Heightened chronic inflammatory states could potentially be the common thread between
aging-related CH and early-onset CH in germline predisposition. It is possible that the
underlying germline mutations may alter the rate of sporadic genetic alterations that
would be selected for, inevitably accelerating the onset of CH and subsequent blood
malignancies by decades.

Early-onset CH occurs in germline predisposition and may play an important role in
the pathogenesis of pediatric and young adult hematologic malignancies, either directly
by being part of the malignant clone or indirectly by inducing hematopoietic stress

on the remaining clones. Future studies on disease pathogenesis in the context of
specific germline conditions will be necessary to understand the clonal dynamics and
clonal evolution affected by the clinical course of patients and other environmental and
physiological stressors.
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Outstanding questions

Understanding the local environmental effects in the marrow around the mutant cells is
crucial — what is the inflammatory milieu and what is the role of the hematopoietic as
well as non-hematopoietic niche cells in establishing this environment?

Avre cells other than the innate myeloid lineage involved in shaping CH?

The interaction of CH mutations with environmental stressors (diet, psychological stress,
aging, toxins, others) and how that potentiates the hematopoiesis by mutant cells is not
well understood. How do somatic mutations that occur with time in other tissues, such as
cardiac muscle or others, alter the CH effect on extramedullary health?

What is the tipping point for a CH clone to undergo transformation, and why? Is this
gradual or an off-on switch?

How best to stop or reverse CH from progressing through transformation to malignancy?

Trends Cell Biol. Author manuscript; available in PMC 2023 September 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Avagyan and Zon Page 21

: Bone marrow Aging _

: Environmental Aging
Recurrent infections
Sterile inflammation

: HSPC _ stressors
: Genotoxic stress

.-

AAcquire
‘ mutation

?Self—renewal

Inflammatory 3
cytokines @ @
@

Macrophages Inflammatory

@
| Seoe®
/Y cytokines © 5
cvo PR

COPD b .
Type 2 DM Pro-inflammatory
: Infections peripheral 9
. "~ CH myeloid cells/
. Peripheral blood/tissue macrophages

.................................................................................

Trends in Cell Biology

Figure 1. Establishment and maintenance of clonal hematopoiesis (CH).
Schematic of CH from early establishment to clonal expansion. HSPCs which reside in the

bone marrow maintain lifelong hematopoiesis, including the production of innate immune
cells such as macrophages that reside in the marrow space and the peripheral tissues. Aging
and/or various organismal and environmental stressors induce random mutations in HSPCs,
some of which confer fitness over time due to cell-intrinsic or cell-extrinsic effects or both.
The selective pressures include further aging-associated cellular and organismal stressors,
chronic/recurrent infections, or sterile inflammation. Inflammatory cytokines implicated in
CH are typically pro-inflammatory in nature and are produced by mutant macrophages,
although an additional role for adaptive immune cells is possible. Pro-inflammatory
signaling in wild-type HSPCs leads to increased cycling and differentiation, whereas in
mutant HSPCs it is modulated to resist its effects. Mutant macrophages provide these
inflammatory cytokines in the local microenvironment of the HSPCs in the marrow, and
similarly induce inflammation in peripheral tissues that leads to the various non-hematologic
health outcomes associated with CH. Reciprocal exacerbation of inflammation by these
CH-associated age-related disease processes is also possible. Abbreviations: COPD, chronic
obstructive pulmonary disease; CVD, cardiovascular disease; DM, diabetes mellitus; HSPC,
hematopoietic stem and progenitor cell.
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