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Fifty years ago, Armitage and Doll1 in the United
Kingdom and Nordling2 in the United States used
epidemiologic data to show that the age-specific in-
cidence of a variety of cancers followed a remarkably
similar pattern, with rates increasing to the sixth power
of age. They suggested that this relationship could be
explained if a cancer cell was the result of six or seven
successive mutations in a specified order. Re-
markably, recent studies of cancer genomes have
confirmed this observation, and most cancers have
between three and seven mutations in genes causally
implicated in cancer pathogenesis (so-called driver
genes).3 Early precancerous states can be identified
for several tumor types and often contain single
cancer-initiating mutations.4-7 The acquisition of so-
matic mutations detected in the blood leading to the
clonal expansion of mutated hematopoietic cells is
referred to as clonal hematopoiesis (CH). CH is
commonly detected in healthy individuals, but confers
an increased risk of hematologic disease.4,7 CH mu-
tations generally occur at low frequencies in genes
implicated in myeloid neoplasms such as DNMT3A,
TET2, ASXL1, and TP53.8 Aging is the strongest
known risk factor for CH, with the prevalence in-
creasing greatly with each decade of life.9-11 CH is
associated with an increased risk of hematologic
malignancies (especially myeloid neoplasms), shorter
overall survival, and increased risk of cardiovascular
disease (CVD).9-11

Recent studies suggest CH is more prevalent in pa-
tients with solid cancer, with approximately 30%
harboring CH mutations in their blood.12 With the in-
creased use of genetic sequencing to inform clinical
decision-making in oncology, the possibility of un-
intentional discovery of CH in the setting of genomic
analysis is increasingly likely. First, CH can be dis-
covered incidentally when sequencing blood for the
purpose of germline testing.13,14 Second, tumor se-
quencing is often accompanied by blood sequencing
as a matched control, and from analysis of the blood
sequencing data, CH can be uncovered as an in-
cidental finding.12 Third, CH can be discovered in tests
of cell-free DNA, much of which comes from WBCs

and can confound these results.15,16 Fourth, CH can
be detected on solid tumor sequencing due to blood
contamination of tumor samples, leading to false-
positive tumor somatic mutation calls.17-20 Finally,
CH can be identified during the evaluation of un-
explained cytopenias, through the National Compre-
hensive Cancer Network recommended sequencing of
myelodysplastic syndrome (MDS)–associated genes in
patients with cytopenias when there is suspicion for
MDS.21 Thus, the identification of CH in patients with
solid tumors is a reality that oncologists must be
prepared to encounter. Here, we discuss the impli-
cations of CH in populations of patients with cancer,
the existing knowledge gaps in this area, and our
recommendations for how to approach CH when it is
encountered clinically.

The clinical implications of CH detection raise the need
to define standardized clinical criteria for its definition
and clinical management, given that CH detection is
influenced by a variety of factors. These factors include
sequencing depth, the set of genes sequenced, the
minimum percentage of blood cells with the mutation
(ie, variant allele fraction [VAF]) used for CH calling, as
well as inclusion of appropriate controls that account
for background mutation rate, germline variation, and
sequencing artifacts. The frequency of CH increases
greatly when considering mutations involving a small
number of total leukocytes (ie, at VAF , 1% to 2%).22

Thus, the depth of sequencing and the variant calling
strategy may influence the prevalence of detected CH
and, therefore, its clinical relevance in any given study.
Because a VAF of 2% is used in many current clinical
sequencing assays as the cutoff for variant calling, a
cutoff for CH as a somatic mutation in the peripheral
blood at a VAF 2% or greater has been suggested23

and will be used for the purpose of this commentary.
However, the actual cutoff with clinical and biologic
significance remains to be delineated, as CH at a VAF
less than 2% may expand after exposure to oncologic
therapy24 and could contribute to sequelae, including
development of therapy-related myeloid neoplasms
(t-MNs).25,26 Discrepancies also exist in the definition
of the genes involved in CH, with some studies restricting
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CH to that occurring in leukemia-driver genes.9 This
generally results in a lower reported prevalence of CH
compared with studies that include somatic mutations in
any gene.12,22 Because of the low VAFs observed in most
patients with CH, an additional challenge exists in dis-
criminating sequencing artifact from true, low VAF CH
mutations, particularly when sequencing peripheral blood
samples in isolation. This can be addressed by comparison
of a suspected peripheral blood variant with a matched
reference sample (eg, a tumor sample)12 or through
comparison with a reference unmatched control.27

Despite issues in direct comparison between studies, due
to differences in sequencing and analytic methods, there is
evidence that patients with solid tumors have a higher
prevalence of CH compared with the general adult pop-
ulation. The factors that contribute to the observed higher
frequency of CH in patients with solid tumors are not
completely defined but may include exposure to oncologic
therapy. CH with TP53 and PPM1D is associated with
exposure to radiation and chemotherapy,12 and TP53
mutations are known to precede development of t-MNs.28

In addition, shared risk factors between cancer and CH,
such as smoking, may account for the increased preva-
lence of CH.12 CH is clinically relevant in patients with solid
tumors because it is associated with a variety of adverse
outcomes.12 CH in patients with solid tumor is associated
with an increased risk for t-MNs, including MDS and acute
myeloid leukemia. Therapy-related myeloid neoplasms
represent lethal secondary malignancies that portend very
poor prognosis and are generally refractory to therapy
(overall survival, 6 to 12 months). In independent studies,
we observed a higher prevalence of CH at the time of
primary (solid) cancer diagnosis in individuals who de-
veloped t-MN compared with matched patients who did
not develop t-MNs (62% v 27%, P5 .02; and 71% v 31%,
P 5 .008, respectively).25,26 These findings were repli-
cated in a cohort of patients with lymphoma treated with
standard chemotherapy25 and autologous stem cell
transplantation.29

In the general population, patients with CH in the setting of
cytopenias are at high risk of occult myeloid neoplasms and
ultimate development of overt disease.30,31 It has been
demonstrated that cases of CH with a VAF greater than or
equal to 10%, multiple mutations, and spliceosome gene
mutations have high positive predictive values (ranging
from 0.86 to 1.0) for the presence of occult myeloid
neoplasm among patients being evaluated for cytopenias.31

Whether these high predictive rates translate to solid-tumor
populations has not been established and requires a more
comprehensive understanding of the relationships among
CH, cytopenias, and exposure to oncologic therapy. Nev-
ertheless, this suggests that subsets of patients with CH and
cytopenias are at risk for occult myeloid malignancy.

There is some evidence that CH may have an impact on
cancer-related survival. CH in patients with solid tumors

and lymphoma has been associated with a reduced overall
survival, independent of t-MN risk, that worsens with in-
creasing VAF.12,29 Validation studies are warranted to test
these early observations and elucidate the mechanism
underpinning these associations.

CH is also strongly associated with an increased risk of CVD,
including coronary heart disease (hazard ratio [HR], 2.0;
P 5 .02), ischemic stroke (HR, 2.6; P 5 .003), and early-
onset myocardial infarction (odds ratio, 4.0; P , .001).9,10

In these studies, the strength of the association between CH
and CVD was comparable to well-validated traditional
cardiovascular risk factors such as high cholesterol,
smoking, and hypertension. Individuals harboring the JAK2
V617F mutation or CH with VAF greater than 10% had a
particularly increased risk for CVD (HR, 12.1 and 2.2,
respectively).10 Mechanistic studies demonstrated that
genetically altered mice with reduced TET2 expression in
hematopoietic cells, including monocytes/macrophages,
developed accelerated atherosclerosis10,32 and heart fail-
ure33 associated with increasedmacrophage activation and
expression of the proinflammatory cytokine, interleukin-1b
(IL-1b). Evidence of increased IL-1b activity in mouse
models of CH suggests the intriguing concept that novel
anti-inflammatory therapies targeting IL-1b34 might be
particularly effective, but at present, there are no evidence-
based approaches to reducing CH-associated CVD risk.
Furthermore, the generalizability of this observation to the
spectrum of acquired mutations observed in CH is un-
known. These strong associations are critically relevant to
cancer survivors and may contribute to the accelerated
rates of CVD observed in this context compared with the
general population.35

Currently, upon detection of CH, there is no standard of
care for the reporting and monitoring of these patients. In
the absence of evidence-based guidelines, we discuss our
general management strategies for patients with solid tu-
mors who have CH. First, because of the lack of established
interventional strategies, we do not inform all patients of CH
when discovered as an incidental finding. However, when
patients with CH have clinical signs of bone marrow dys-
function (most commonly evidenced by abnormal indices
on a CBC count) and/or high-risk mutational characteris-
tics, such as a VAF greater than or equal to 10% or more
than one mutation, notification of CH should be considered
to allow evaluation for an occult hematologic disorder and to
follow for subsequent risk of t-MN. In patients with sig-
nificant cytopenias, it is critical to evaluate for alternative
causes on history, physical, and laboratory results, such as
iron deficiency anemia and anemia of chronic kidney
disease (Fig 1). If no alternative etiology for cytopenias is
identified on initial work-up, collecting a bone marrow bi-
opsy specimen may be warranted to evaluate for an un-
derlying hematologic neoplasm. For patients who have no
overt evidence of hematologic disease, infrequent follow-
up, including periodic monitoring of CBC counts, is
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recommended. As the risk and time-course for trans-
formation from CH to overt hematologic disease is better
characterized, molecular and clinical features may be used
to inform follow-up periods. We recommend repeated CBC
counts every 3 to 12 months depending on the progression
rate of patients with and without blood count abnormalities.
In patients who have progressive blood count abnormalities

or other symptoms concerning for evolving hematologic
disease, repeated mutational testing combined with re-
peated bone marrow biopsy specimen assessment should
be considered. Importantly, because of the increased risk
of CVD, we recommend consultation with cardiologists or
primary care physicians to ensure that modifiable risk
factors for CVD are adequately managed. Because CH is

Clonal hematopoiesis

Patients with solid tumors
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finding

Referral for

cytopenia

Hematologic
malignancy

No evidence of overt
hematologic malignancy

Standard
of care

Infrequent monitoring§ : Repeat mutational testing, BM biopsy on clinical
progression/planned high-risk treatments, coordination with cardiology/internal

medicine to ensure standard-of-care CVD risk management being followed
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hematopoiesis*

Low-risk clonal

hematopoiesis

Evaluation for hematologic malignancy:
CBC, cytopenia work-up†,
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Poor prognosis
from solid tumor‡

No further work-up

FIG 1. Flow diagram of our general management strategies for patients with solid tumors with findings of clonal hematopoiesis (CH). (*) We
currently consider high-risk CH that, when detected as an incidental finding, would warrant work-up for an underlying hematologic disorder
as the following: CH in the presence of significant blood count abnormalities, the presence of a single CHmutation at a high variant allele fraction
(. 10%) or multiple CH mutations. Ongoing research efforts will likely further refine this and/or identify additional high-risk features, such as
hotspot TP53mutations, DNMT3A R882 variants, and so forth. (†) Cytopenia work-up including history and physical, comprehensive metabolic
panel; peripheral smear; thyroid-stimulating hormone, ferritin, folate, haptoglobin, lactate dehydrogenase, vitamin B1, vitamin B6, vitamin B12,
methylmalonic acid, and copper levels; prothrombin time or partial thromboplastin time; and international normalized ratio. Specific for anemia,
we suggest measuring the following: reticulocyte count, flow cytometry for paroxysmal nocturnal hemoglobinuria (if low haptoglobin and/or high
lactate dehydrogenase in appropriate clinical context), serum protein electrophoresis, and serum immunofixation. Specific for thrombocytopenia
we suggest measuring immature platelet fraction. Specific for neutropenia, we suggest measuring antineutrophil antibody level. (‡) For patients
anticipated to have a poor prognosis (, 6 to 12 months) from their primary solid tumor, we would not suggest further work-up for CH. (§)
Monitoring interval can be determined by the treating clinician, though we would suggest 3- to 12-month evaluations (more frequently for patients
receiving ongoing cytotoxic therapy, and less frequently for patients in long-term follow-up). Current guidelines recommend targeting a blood
pressure less than 130/80 mm Hg,36 lifestyle modifications, and pharmacotherapy with a thiazide diuretic, calcium channel blocker, or
angiotensin-converting enzyme inhibitor/angiotensin receptor blocker. Preclinical and clinical studies suggest statins have potent anti-
inflammatory effects, including suppression of interleukin-1b release,36 and should be prescribed to all patients with an estimated 10-year
atherosclerotic CVD risk greater than 7.5%.38,39 BM, bone marrow; CVD, cardiovascular disease.
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not included in CVD risk calculators or clinical guidelines,
we recommend that standard guidelines for CVD risk re-
duction be followed.36-39

Although the capacity to use CH as an independent
clinical decision-making tool is tempting, the evidence is
not currently sufficient to recommend such a manage-
ment approach. Here, we identify some of the key
knowledge gaps that need to be answered by future
studies. First, a consensus on the definition of clinically
meaningful CH should be established. For example, what
is the minimum VAF threshold that should be considered
clinically meaningful CH? Should only mutations in
leukemia-driver genes be considered when identifying CH
or should all genes with low VAF mutations be included?
Second, the gene-specific risk associated with CH needs
to be established, because not all CH gene mutations may
carry the same leukemogenic potential or risk of CH-
driven sequelae. Identifying a risk-adapted classification
of CH is especially crucial to inform future therapeutic
studies aimed at reducing CH-associated risks. Third, a
context-dependent interaction between CH and various
types of cellular stressors needs to be established. For

example, if a subgroup of patients with solid tumors and
CH is at a highest risk of progression to t-MN and if specific
therapies are shown to promote the continued expansion
of specific CH clones, an opportunity for risk-directed
therapy modification could be envisioned, particularly in
the setting of cancers with only a modest survival benefit
from adjuvant therapy. Fourth, because exposure to on-
cologic therapy is related to an increased risk of both CVD
and CH in patients with solid tumors, mitigating the risks of
CVD will be an important survivorship issue. Whether
predictive models for CVD should be modified to include
CH and whether CH should factor into guidelines for
primary and secondary CVD require further evidence
before changes are recommended. Establishment of a
publicly available database of CH variants would aid in
standardizing criteria and enabling population-based
meta-analysis to deliver meaningful associations.40,41

Ultimately, collaborative, multi-institution prospective
studies with many patients are needed to validate existing
observations, establish longitudinal kinetics of CH, and
identify therapeutic strategies to mitigate CH risk for those
patients with and those without cancer alike.
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