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Clonal hematopoiesis (CH) of indeterminate potential (CHIP), defined as the presence
of a somatic mutation in the peripheral blood at a variant allele frequency (VAF)
≥2%, affects at least 10% of individuals older than 65, but low-VAF clones can be
detected in 95% of individuals older than 50. CHIP associates with a wide range of
comorbidities from atherosclerosis to pulmonary disease. A growing body of evidence,
primarily from studies involving Tet2-knockout and stem cell transplant models of CH,
suggest that dysregulated inflammation contributes to clonal expansion and associated
comorbidities. Mutant leukocytes from animal models contribute to an inflammatory
milieu that may confer a selective advantage to the clone, thus perpetuating a cycle of
inflammation and expansion. Although it is unclear whether inflammation or expansion
sets this cycle in motion, some evidence suggests that inflammation from infections or
pre-existing comorbidities initiates this cycle. The pro-inflammatory phenotypes of
macrophages from mutant clones and their contributions to disease are well characterized in murine models, but have not yet been confirmed in humans. Furthermore, the
roles of other cell types that can carry mutations of CHIP are not fully understood.
We propose a rationale for further investigation of neutrophils, other granulocytes and
T, B, and NK cells as they may play a role in CHIP-associated comorbidities. As the
understanding of CH has advanced, potential interventions, especially those targeting
aberrant inflammation, have been proposed. We are hopeful that as studies continue to
unravel the complex links between CHIP, inflammation, and leukocyte dysfunction,
CHIP-related comorbidities may be more effectively managed. © 2020 ISEH – Society for
Hematology and Stem Cells. Published by Elsevier Inc. This is an open access article
under the CC BY-NC-ND license. (http://creativecommons.org/licenses/by-nc-nd/4.0/)

A limited number of hematopoietic stem cells (HSCs)
lie at the top of the hematopoietic hierarchy. Any peculiarities that arise in advantaged HSCs are carried into
the peripheral expanse. In the last 5 years, small, mutated
HSC clones emerged as risk factors for the developed
world’s most prevalent diseases—cardiovascular disease
and cancer. Enter, clonal hematopoiesis (CH).
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Normal, polyclonal hematopoiesis can become
skewed toward a particular HSC or clone. CH arises
when an HSC acquires a somatic mutation that provides a growth or survival advantage and produces a
disproportionately large fraction of mature peripheral
leukocytes, collectively called a clone [1,2]. The clone
size matters from both a technical and a biological perspective. Large increases in blood cell skewing for
healthy women >60 years of age were reported as early
as the late 1990s [3]. With the advent of next-generation sequencing (NGS) technologies, a reliable level of
detection of the mutant clone among the peripheral leukocytes was deemed to be 2% variant allele frequency
(VAF), corresponding to 4% of heterozygous mutation-
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carrying blood cells and associating with clinically significant outcomes [1]. This was termed CH of indeterminate potential, or CHIP, and CHIP prevalence
unanimously increases with age, with rapid accumulation to >10% of people after age 65 [1]. In this review,
we focus on “CHIP” when describing human studies;
we use the term CH to refer to the spectrum of clonal
expansion that precedes overt hematological malignancy, which includes CHIP <2% VAF but also the in
vitro and in vivo knockout models that are used to
investigate specific CHIP gene mutants.
CH was initially seen as a process of aging, during
which HSCs accrue mutations over time through environmental exposures and replication errors [4−6].
HSCs that acquire mutations conferring survival or replication advantages are more likely to last into old age
and hence are also more likely to drive CH [4,7]. However, the list of recurrently mutated genes is relatively
short, and usually just one of these genes is affected at
a time. It makes sense that somatically acquired mutations (which are most likely to be pathologic) in CHIP
overlap with genes that are recurrently mutated in
hematological malignancies such as myelodysplastic
syndromes (MDS) and acute myeloid leukemia (AML)
(reviewed in Link and Walter [8]). Of these, the most
commonly mutated genes in CHIP are TET2 and
DNMT3A, which control cytosine demethylation and
methylation, respectively.
From a flurry of recent research, CHIP is now appreciated to be a premalignant phase of hematological
cancer (including MDS and AML) [9−11] and a risk
factor for therapy-related myeloid neoplasms [5,12,13]
and overall death [9−11]. CHIP is associated with an
approximately tenfold increased risk of future hematological malignancy, or a higher risk with larger clones
[9,10]. TET2 and DNMT3A have clear functional roles
to support cancer development [14−17]; their oncogenic potential in CHIP, as well as that of other
mutated genes, is becoming more determinate with prediction models based on clone size and mutational features [18−20].
The initial unexpected cardiovascular consequences
of CHIP expanded the investigations of CHIP pathophysiology [9]. The development and exacerbation of
cardiovascular conditions would require more than a
simple proliferative or survival advantage. It stimulated
the exploration of CHIP through the lens of inflammation and broader disease contexts. In retrospective
cohort studies of >10,000 participants, CHIP associated
with atherosclerotic cardiovascular disease and related
complications (myocardial infarction and stroke, albeit
with lower burdens of risk than hematologic malignancy) [9,10,21]. Moreover, smaller retrospective studies reveal CHIP as a disease modifier in heart failure
and valvulopathy [22,23], further suggesting a role for

TET2 and DNMT3A mutant monocytes in disease
exacerbation. Whereas a causative association between
CHIP and atherosclerotic disease and heart failure in
humans is further supported by studies in vitro and in
mice, other disease correlations with CHIP lack robust
causative and mechanistic evidence. For example, pulmonary disease [11,24,25] and diabetes [9,25] are also
more likely in people with CHIP, but these correlations
may involve antecedent−consequent bias or confounding variables. This limitation also applies to exploratory analyses finding potential links with thyroid
dysfunction and gastroesophageal reflux disease [25].
Nonetheless, such findings support the investigation of
other organ systems for ties with CHIP pathology.
Inflammation may explain clonal expansion and disease associations. So far, direct evidence for this in
humans is early, minimal, and mainly exploratory, or
drawn from related neoplasms (e.g., MDS and myeloproliferative neoplasms [MPNs]). For example, a crosssectional study of 359 older adults found that people
with CHIP have higher serum interleukin (IL)-6 (especially with more than one mutation or TET2 mutations)
and tumor necrosis factor (TNF)-a levels than those
without CHIP [25]. A post hoc serum IL-8 level analysis between people with and without mutant TET2
CHIP clones (and no myocardial infarction) found
higher levels among TET2-mutant CHIP. It is worth
noting that typical clinical markers of inflammation (Creactive protein [CRP], white blood cell counts, erythrocyte sedimentation rate [ESR]) are usually not elevated in people with CHIP [9,25]. Mechanisms
underlying the disease associations are characterized in
mice [26], and have been macrophage/monocyte
focused. We call for broader study of the inflammatory
underpinnings of CHIP, in wider cell subsets and contexts, and inclusion of human cells to complement
mechanistic studies involving mouse models. Our
review summarizes the current understanding of the
inflammatory landscape of CH and provides perspectives on future directions.
CH as a consequence of inflammation
The HSC compartment changes with aging, and is
responsive to inflammatory cues (reviewed in Kovtonyuk et al. [27]). Aging enriches for myeloid-biased
HSCs [28], reduces HSC self-renewal capacity, and
lowers immune function, rendering people susceptible
to disease [27]. “Inflammaging,” a chronic low-grade
inflammation in the form of increased pro-inflammatory
cytokines (often IL-6 and TNF) and pro-inflammatory
cellular activity with age [29], may be partly responsible for this gradual shift [27].
An inflammatory environment from inflammaging or
comorbid background may enable CH emergence with
aging (Figure 1). Interestingly, a 359-participant cross-
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sectional study found that people with DNMT3A mutations are more likely to have multiple comorbidities,
compared with those without CHIP [25]. Large registries also reveal a causal association between immunological stressors (history of infections or autoimmune
disease) and the likelihood of MDS/AML development
[30]. Coupled with the finding that high levels of some
key cytokines (e.g., IL-6) predict overall survival at
MDS diagnosis [31], these suggest that the inflammatory context powerfully influences CHIP emergence
and the extent of its pathology. In fact, a surprising
95% of individuals between the ages of 50 and 70 harbor CH mutations (a VAF lower limit of 0.03% is
detected by error-corrected targeted sequencing [32]),
leaving a potential role for the inflammatory context in
those that progress to CHIP.
Experimental support for this hypothesis comes from
functional assays of HSCs [33−35]. The HSC niche
may come under inflammatory pressure from a number
of triggers. For example, in vitro, Tet2-deficient murine
and TET2-mutant human HSCs have a strong proliferative advantage compared with wild-type cells when
exposed to high levels of exogenous, pro-inflammatory
TNF-a [35]. Moreover, under inflammatory stress,
murine Tet2-deficient HSCs resist apoptosis, rapidly
expand, are able to engraft, and produce more proinflammatory IL-6 in response [34].
An additional opportunity for inflammation to promote CH is through infection. Infections exert a strong
selective pressure that depletes the wild-type HSC pool
[36,37], while HSCs with CH mutations are able to
thrive [33,34]. In fact, microbial exposure in mice

Figure 1. Proposed relationship between clonal hematopoiesis and
inflammation. CH-Mutant stem cells give rise to progeny with dysregulated function. In particular, macrophages, monocytes, and lymphocytes arising from the clone have a hyper-inflammatory
phenotype. Inflammation from CH or other sources such as infection
or pre-existing comorbidities provides favorable conditions for the
clone to expand. Increased production of hyper-inflammatory leukocytes exacerbates the systemic inflammation, which contributes to
cardiovascular comorbidities and promotes further clonal expansion
and disease progression.
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deficient for Tet2 in the hematopoietic system was sufficient and required to elicit myeloid proliferation [33],
while antibiotics reduced the abnormal expansion of
Tet2-deficient leukocytes and affected the expression of
inflammation-related genes [38]. This, coupled with
key features of Tet2-knockout HSCs (higher expression
of survival signals, resistance to lipopolysaccharide
(LPS)-driven inflammation, and robust repopulation of
the bone marrow niche after depletion through severe
infections [34]), suggests that TET2-mutant cells, and
hence some CHIP, may be promoted by infection. It
will be interesting to see if other common CHIP-related
mutant HSCs (e.g. DNMT3A-mutant clones) respond
this way to similar inflammatory cues. In this regard,
Challen’s group recently found a higher frequency of
DNMT3A and PPM1D mutations in ulcerative colitis
patients compared with the aggregate incidence across
published studies, possibly related to higher levels of
serum interferon (IFN)-g for patients with DNMT3A
mutations [39]. Although this potential phenomenon is
only beginning to be studied in humans, it aligns with
the current paradigm of a broad role for inflammation
in controlling the output of the HSC niche; the human
HSC compartment is indeed under heavy influence of
inflammatory signals [27].
Mutant clonal expansion with an inflammatory
driver has also been described in overt hematological
cancers [40,41]. In particular, inflammation plays a
central role in the pathology of MPNs that share many
common mutant genes with CHIP, particularly TET2
and JAK2. For example, people with MPNs have higher
serum levels of pro-inflammatory TNF-a, and their
JAK2V617F-mutated CD34+ bone marrow cells form
more colonies in vitro when exposed to TNF-a, compared with the patients’ nonmutated CD34+ cells or
normal CD34+ cells from controls [40]. Similarly, overexpression of IL-6 from mutated granulocytes in a
mouse model of chronic myeloid leukemia (another
type of MPN, arising from a BCR/ABL1 fusion gene
product) promotes myeloid bias in leukemic multipotent progenitors and outcompetition of normal hematopoiesis, thus contributing to the disease [41]. In MDS
cells, including those with TET2 mutations, the excessive activation of the NLRP3 inflammasome catalyzes
strong pro-inflammatory programming via IL-1b and
IL-18, leading to pyroptosis of wild-type HSCs [42].
Thus, a malignant clone may proliferate or survive in a
pro-inflammatory setting (e.g., high TNF-a or NLRP3
activation) better than nonmutated HSCs. Pro-inflammatory products of the clone may reinforce and direct
its expansion in a paracrine fashion. The aforementioned JAK2 and TET2 mutations may co-occur in
MPNs with either mutation acquisition order, leading
to unique clinical characteristics [43]. It would be
interesting to determine if inflammation relates
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differently to the first versus the second acquired mutation in this MPN, and how that interaction influences
clonal evolution and disease features. Overall, these
studies suggest that mutated HSCs, albeit malignant
ones, benefit and evolve from inflammatory stress, further supporting an inflammatory drive behind CHIP.
Several chronic inflammatory conditions (e.g., 439patient cohort of treated aplastic anemia [44], a 187patient cohort of ulcerative colitis [39]), but not all (e.
g., 59-patient cohort of treated rheumatoid arthritis
[45]) have been reported to be enriched for CHIP.
Often the reported rate of CHIP in such studies is compared with previously published rates, rather than the
rate of a control group. Despite the uncertainty of
CHIP enrichment in these conditions, the lack of
enrichment of CHIP in some inflammatory conditions
suggests that inflammation does not drive all clones, or
that additional confounding factors are at play. If CHIP
is affected by anti-inflammatory treatments, then medications, such as those used to treat rheumatoid arthritis,
may obscure the would-be detectable clone in studies
without pre−anti-inflammatory treatment samples.
Alternatively, certain inflammatory pressures may
apply only to a certain lineage (e.g., progenitors of
only myeloid clones, rather than lymphoid clones).
An important question remains unanswered in humans:
Can chronically reactive conditions like autoimmune disorders or inflammatory conditions like cardiovascular disease or obesity trigger clinically relevant CHIP? This may
require serial sequencing in longitudinal cohorts, in health
and subsequent disease. It would also be interesting to
track when CHIP clones theoretically arose in “mutational
time” (based on somatic DNA or mtDNA mutation rates),
compared with the clinical history timeline of affected
patients [46,47].
CH as a driver of inflammation, especially through
monocytic cells
After exiting the bone marrow, peripheral blood cells
carrying mutations traffic about the body performing
their functions; they may interact with tissues in a way
that causes damage. Much of the current knowledge of
these effects of CHIP comes from studies on murine
Tet2-mutated monocytes and macrophages and their
role in cardiovascular disease (for an extensive review,
see Jaiswal and Libby [26]). The effect appears proinflammatory in nature, and may explain some associations between CHIP and various comorbid diseases.
Much more is known of the role of inflammation in the
pathogenesis of myeloid neoplasms, such as MPNs and
MDS (reviewed in Koschmieder et al. [48], Craver
et al. [49], and Sallman and List [50]), and there is
likely overlap with CHIP, but this section focuses on
the relationships between inflammation and clonal
hematopoiesis.

Mechanistic work applicable to CH-driven inflammation reveals that murine effector cells are highly
pro-inflammatory. Tet2-deficient peritoneal macrophages constitutively express high levels of LPS
−induced genes [51]. Studies of murine models of
heart disease also find higher constitutively elevated
mRNA and protein expression of Il1b and Il6 (and chemokines) in Tet2-deficient macrophages, with corresponding exacerbation of cardiovascular pathology
(atherosclerosis, heart failure) [21,52,53]. Part of this
pro-inflammatory process is facilitated by a loss of
Tet2-mediated recruitment of histone deacetylase to the
IL-6 promoter, whereas wild-type Tet2 would bring
about the resolution of inflammation [54]. Furthermore,
the IL-1b elevation results from increased NLRP3
inflammasome activation in these cells [52,53], which
subsequently should lead to immune cell recruitment
and tissue destruction and remodeling. Together, these
studies suggest a plausible mechanism of action in
Tet2-mutated effector cells creating inflammation,
although studies of TET2-mutated macrophages in people with CHIP are lacking.
There are fewer mechanistic studies investigating the
effects of other top ten mutated genes in CHIP in disease and inflammation, such as JAK2 and DNMT3A.
Jak2V617F HSC-transplanted mice also contribute to
cardiovascular disease (atherosclerotic plaque buildup)
through a mechanism of iron accumulation from excessive erythrophagocytosis [55]. Evidently, study of additional CHIP subtypes may uncover further intricacies
of how CHIP hazardously intersects with the leading
comorbidities in the developed world. For example,
CRISPR-Cas9−edited models of CH for both Tet2 and
Dnmt3a mutations yield similar effects on cardiac function, yet Dnmt3a mutants undergo limited expansion
and exhibit different cytokine expression, suggesting a
different means of achieving the same severity of disease [56]. DNMT3A mutations may cause further dysfunction in the realm of immunity and respirology. For
example, loss of murine Dnmt3a in macrophages abolishes
its usual function in de-repressing a type I interferon
response [57]. DNMT3A appears important in both mounting an appropriate immune response in infection [57] and
repressing it [58], with consequences for lung disease. In
sum, broader investigation of CHIP mutations will uncover
additional avenues of aberrant inflammatory processes or
inappropriate immune response.
A potential role for neutrophils and other
granulocytes in CHIP
Although monocytes and macrophages are important
mediators of cardiovascular disease, neutrophils are
also myeloid derived, can harbor CHIP mutations, and
are key mediators of cardiovascular and inflammatory
diseases. Neutrophils have a prominent role in vascular
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inflammation and contribute to plaque development
through the release of neutrophil extracellular traps
(NETs) [59,60]. JAK2V617F mutations associated with dysregulated NET formation in a Jak2V617F knock-in mouse
model and in a cohort of 30 MPN patients compared with
controls [61]. In mice, a causal relationship was established between Jak2V617F mutations, increased NET formation, and venous thrombosis, while in humans,
JAK2V617F mutations associated with increased thrombosis
risk in a retrospective case−control cohort with >10,000
individuals [61]. The association between JAK2V617F and
dysregulated NETosis is clear, but the effects of the top
three CHIP mutations DNMT3A, TET2, and ASXL1 in neutrophils remain largely unknown [9,10].
It will be interesting to determine whether CHIP has
a disease-modifying role in other conditions associated
with neutrophils as effector cells. For example, there is
some evidence that CHIP may influence the disease
course of vasculitis [62], which is a disease of small
blood vessel inflammation and is also mediated by neutrophils. A small, retrospective study of 112 patients
with anti-neutrophilic cytoplasmic autoantibody-associated vasculitis (AAV) reported a higher prevalence of
CHIP, albeit compared with previously reported cohorts
[62]. AAV patients with CHIP also presented with different organ manifestations compared with non-CHIP
patients [62]. Epigenetic dysregulation driven by
DNMT3A and TET2 mutations may contribute to these
disease-modifying effects because there is an epigenetic basis to inappropriate expression of neutrophil
granule proteins in human vasculitis [63]. Studies with
>100 individuals have also reported aberrant neutrophil
gene expression signatures in systemic lupus erythematosus (SLE) [64−66]; thus, it would be informative to
assess whether CHIP associates with SLE.
The biology behind neutrophil granules may be
altered in the context of gene mutants seen in CHIP.
For example, Dnmt3a-deficient mouse mast cells stimulated with IgE exhibited more pronounced degranulation, with relevance to asthma [58]. This finding was
also replicated in Dnmt3a-sufficient cells treated with
demethylating agents, suggesting that abnormal DNA
methylation is responsible for these abnormalities [58].
Considered in context with studies of neutrophils, it is
possible that a change in epigenetic control caused by
CHIP or other factors disrupts granule biology with
potential implications for disease, as granule contents
tend to have potent inflammatory or cytotoxic effects.
Further investigations are warranted to gain a deeper
understanding of how mutations in CHIP may disrupt
epigenetic control, especially relative to neutrophil
granule protein expression, and the accompanying
inflammatory changes.
In sum, disruption of TET2 and DNMT3A function
suitably aligns with dysregulated neutrophil effector
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functions in autoimmune, cardiovascular, and respiratory
conditions. The role of neutrophils in CHIP is poorly
understood, but evidence is emerging that granulocytes
may contribute to CHIP-associated comorbidities.
The role of lymphocytes in CHIP
Although CHIP mutations are typically associated with
myeloid malignancies, recurrent TET2 and DNMT3A
mutations have also been reported in lymphoid malignancies [67−69]. Notably, one study involving 79
cases of T-cell lymphoma detected TET2 mutations in
68% of patients [69]. Although mutation burden tends
to be higher in myeloid cells [70,71], TET2 mutations
in T cells appear to have a potent effect on function as
they are associated with advanced disease and poorer
outcomes [67].
Studies in mice suggest that knockouts of genes
mutated in CHIP can contribute to a dysregulated
inflammatory environment by altering T-cell function
[72−74]. Evidence from in vivo and in vitro experiments in mice has revealed that DNA methylation has
an important role in T-cell polarization, especially with
regard to regulating cytokine expression [72−76]. In
keeping, disruption of Tet2 and Dnmt3a in T cells contributed to inflammatory diseases in mice [72−74,76].
Notably, mutations in mouse TET-family enzymes suppress regulatory T-cell (T-reg) functions [74,77], and
without their immune oversight, inflammation is rampant. Together, these studies raise the possibility that
the pro-inflammatory effects of CHIP are not limited to
myeloid cells; T cells may also have a role in perpetuating the inflammatory milieu.
The inflammatory phenotype of TET2-mutant T cells
may be harnessed in immunotherapy. In a case study,
it was reported that TET2 disruption, associated with
fortuitous lentiviral vector integration, enhanced the
efficacy of CAR-T treatment, enabling a chronic lymphocytic leukemia patient to sustain complete remission for more than 4.2 years [78]. TET2-mutant T cells
exhibited rigorous expansion and the CD8+ T cells had
increased cytotoxic ability, which potentially contributed to the outcome [78]. This study raises the prospect
of applying our knowledge of CHIP to improve immunotherapy and provides further motivation to understand how CHIP alters T-cell function.
Less is known about the effects of CHIP on B cells
and NK cells. Data on this topic in human studies have
been exploratory and have focused on characterizing
the prevalence of CHIP-type mutations in certain
malignancies. However, knockout mouse studies suggest that DNA demethylation has an important role
during B-cell maturation as Tet2 deficiency blocks
plasma cell differentiation and associates with
increased risk of B-cell lymphoma [79−81]. Moreover,
Tet2-deficient mice had increased susceptibility to
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infection and minimal capacity to produce high-affinity
antibodies [79,80]. Although these findings have not
been validated in human studies, they may provide
insight into the increasing susceptibility to infectious
disease among older adults, who are the ones most
likely to be harboring related mutations. The implications of CHIP on humoral immunity and responsiveness
to vaccination are largely unknown, but we speculate it
may contribute to the age-related decline in immune
function. Thus, further studies on the effects of CHIP
on B cells would be beneficial.
One study reports that NK cells have a similar CHIP
mutation burden compared with myeloid cells [71], and
little is known about the effect of CHIP on NK cell
function. In both humans and mice, mutations in TETfamily enzymes are associated with NK cell-related
malignancy, and these mutations perturb NK cell development in mice [82,83]. As NK cells interact with and
regulate the function of other leukocytes [84], they
may contribute to the inflammatory CHIP environment.
Perhaps loss of regulatory capability in mutant NK
cells permits and contributes to the dysregulated immunity. Investigations into the effects of CHIP on NK
cells could reveal further insights into pathogenesis.
Potential interventions to mitigate CHIP risk and its
comorbidities
The possibility of mitigating comorbid complications
and delaying death by targeting the pathological nature
of the mutant clone brings about theoretically farreaching therapeutic opportunities in health care.
The discovery of infection-induced clonal expansion
and the associated expression of cytokines in mice suggests that CHIP can be controlled by modulating the
body’s response to infection. For example, NF-kB
inhibitors prevent Tet2-knockout HSCs from expanding
in response to microbial (LPS-induced) acute stress
[34]. Moreover, anti−IL-6 blockage reverses peripheral
expansion of Tet2-knockout myeloid cells [33]. Interestingly, a few murine studies tie the catalysis for
clonal expansion directly to bacterial exposure and subsequently demonstrate clone size reversal by broadspectrum antibiotic cocktail administration [33,38].
Conceivably, anti-TNFa compounds would also impair
TET2-mutated HSC proliferation while de-repressing
non−TET2-mutant HSCs [35] or by selectively attenuating myeloproliferative mutant (JAK2V617F-positive)
HSCs [40]. These proof-of-concept studies show control of CH in preclinical mouse models, but treatments
that impair pathogen clearance would not be advisable
clinically.
Macrophages and monocytes are central to cardiovascular disease pathology. Based on murine studies of
Tet2-deficient macrophages [21,52,53], overexpression
of IL-1b may be an ideal target that links TET2-based

CHIP with cardiovascular disease. In fact, direct antiinflammatory offense against suspected inflammatory
mediators to improve disease outcomes is possible in
the clinical realm. The CANTOS trial is a good example of this and indicates the protective effect of anti−
IL-1b canakinumab against cardiovascular death [85],
which was accompanied by lower IL-6 levels [86].
While different genotypes of clones may converge on
similarly disrupted biological processes, they likely
maintain some characteristics that distinguish clonespecific outcomes from one another. For example,
CHIP with TET2 mutants may respond better to anti−
IL-1b than other non-TET2 clones [86], but it is
unclear if a potentially lower IL-1b−expressing clone
would be unaffected.
Sterile inflammation, which may play a role in
malignant myeloid expansion in humans in addition to
infectious instigation [30], including inflammation
associated with cellular senescence [87], may also be a
mechanism to target in CHIP. It seems reasonable to
expect chronic inflammatory conditions to be enriched
for CHIP. Although CHIP was not enriched in patients
with rheumatoid arthritis [45], their ongoing treatments
may have confounded its detection (i.e., suppressed
potential clones).
Strategies beyond direct anti-inflammatory interventions are possible and practical. For example, vitamin
C administration can boost the hypomethylating activity of the functional TET2 protein from a nonmutated
allele [88]. As a cofactor of Tet2, vitamin C administration in mice corrected preleukemic changes (e.g.,
proliferation) brought on by a defective Tet2 allele [88]
and pre-empted conversion to frank leukemia [89].
Similarly, attempting to reverse the hypermethylation
and related inflammatory perturbations (resulting from
deficient Tet2 activity) with low-dose azacytidine or
decitabine [90,91] may prove transferrable from MDS/
AML treatment to CHIP. Finally, specific pathological
mechanisms of CHIP may respond to clinically available interventions and reduce CHIP-associated complications. For example, perhaps increased NET formation
and subsequent risk of thrombosis in JAK2V617F-positive CHIP [61] can be mitigated with anticoagulation
or activated protein C.
For the sake of clinical utility, it would be interesting to investigate long-term therapeutic benefit with
more broadly accessible and mundane medications
(e.g., aspirin). Moreover, it would be interesting to
assess the impact (e.g., does inflammation and clone
size decrease) of potential softer lifestyle interventions
such as exercise, especially for cardiovascular disease.
Finally, as studies are conducted on patients with
CHIP, tracking the clone will be important, as will
careful control and analysis of medications and characterizations of the inflammatory milieu.
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Screening for CHIP may help with recommendations
for preventative approaches including early lifestyle
changes, close monitoring, and testing/referrals for
more serious or high-risk cases. Ideally, CHIP screening will improve the quality of aging and perhaps
extend survival with good quality of life. As with any
intervention, theoretical CHIP treatments will carry
risks of harm and, hence, may not always have acceptable risk−benefit ratios for the long-term preventative
use that would likely be required. Consent, and the
informational content available at the time, will need
to be clear for patients to decide which risks they prefer to take.
Conclusions
CH and its clinically relevant, more strictly defined
version CHIP are now significantly entangled with the
developed world’s largest disease burdens in older
adults—cardiovascular disease and cancer. An expanding
array of serious human ailments are ripe for investigation
from the perspective of CH: autoimmune, neuro-inflammatory, gastrointestinal, respiratory, immune defense, and
others. It will be curious to learn about CHIP in conditions
involving younger adults, such as obesity and pregnancy.
The hematopoietic system—HSCs and effectors
cells—is intimately tied to inflammation. Thus, it is
imaginable that CH evolves in a pro-inflammatory context and unsurprising that it would corrupt this process.
Intracellular and extracellular elements, including cytokines, guide the HSC compartment to meet the needs
of the body. Stressors, including acute infection and
chronic stimulation, have differing effects on HSCs
with mutations (e.g. TET2, DNMT3A), and plausibly
lead to CHIP. These same mutations cause aberrations
in the clone’s effector cells’ inflammatory function,
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which then may exacerbate conditions like cardiovascular disease. Excessive pro-inflammatory player quantity,
excessive duration of inflammation, and the suboptimal
effectiveness of the mutated effector cells are likely
mechanisms. Studies of macrophages have yielded
most of this understanding. Yet, a few studies involving experimental CH and insights from the rest of the
literature put granulocytes and lymphocytes among
potential prominent players in CHIP pathogenesis as
well (Figure 2).
Before assigning definitive causality between inflammation and CHIP emergence, more work is needed.
Tackling causality in humans will require careful study
design to avoid confounding variables. Good experimental models of CH are useful, but those with total
gene product deficiency (e.g. Tet2-knockouts) present a
limitation to the applicability of the mouse data to
human CHIP. Typically, CHIP mutations are heterozygous, leaving one functional copy unaffected. However,
knockout of the gene product appears to be an acceptable approximation of the mutation severity—most
CHIP TET2 mutations are frameshifts and nonsense
mutations, but DNMT3A mutations are mostly missense
(although still expected to cause loss of function). Different mutational hits in human CHIP may offer variation to mechanisms of inflammation or disease, or
variation to severity of outcome based on mutation
potency, compared with the typical mouse models in
use. To illustrate, a Finnish familial germline TET2
mutation did not recapitulate the expected elevated
pro-inflammatory cytokines, despite having a higher
allelic dose (50% VAF) of the mutation [92].
Targeting inflammation is a preclinically supported
(but a clinically theoretical) strategy to control CHIP
and mitigate its clinical consequences. Antibiotics, pro-

Figure 2. Summary of the effects of common CHIP mutations on leukocyte populations. The effects of mutations are listed in the context of
their proposed contribution to comorbid conditions. Key references are color coded based on the type of evidence, with blue representing evidence solely in mouse models and red representing evidence in humans.
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inflammatory driver inhibitors, and low-dose hypomethylating drugs have promise, but additional candidates
may be gleamed by studying patient cohorts treated for
inflammatory or autoimmune conditions, for example.
Lifestyle interventions such as exercise may be of interest
as well. One can envision that the presence of CHIP as a
disease modifier will explain why some patients are more
responsive or refractory to treatments, or why some
patients undergo more slow or rapid disease progression.
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