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Abstract

Clonal hematopoiesis (CH) mutations are common among individuals without known
hematologic disease. CH mutations have been associated with numerous adverse
clinical outcomes across many different studies. We systematically reviewed the
available literature for clinical outcomes associated with CH mutations in patients
without hematologic disease. We searched PubMed, EMBASE, and Scopus for eligi-
ble studies. Three investigators independently extracted the data, and each study
was verified by a second author. Risk of bias was assessed using the Newcastle-
Ottawa Scale. We identified 32 studies with 56 cohorts that examine the association
between CH mutations and clinical outcomes. We conducted meta-analyses compar-
ing outcomes among individuals with and without detectable CH mutations. We con-
ducted meta-analyses for cardiovascular diseases (nine studies; HR = 1.61, 95%
Cl = 1.26-2.07, p = .0002), hematologic malignancies (seven studies; HR = 5.59,
95% Cl = 3.31-9.45, p < .0001), therapy-related myeloid neoplasms (four studies;
HR = 7.55, 95% Cl = 4.3-13.57, p < .001), and death (nine studies; HR = 1.34, 95%
Cl = 1.2-1.5, p < .0001). The cardiovascular disease analysis was further stratified by
variant allele fraction (VAF) and gene, which showed a statistically significant associa-
tion only with a VAF of = 10% (HR = 1.42, 95% Cl = 1.24-1.62, p < .0001), as well
as statistically significant associations for each gene examined with the largest magni-
tude of effect found for CH mutations in JAK2 (HR = 3.5, 95% Cl = 1.84-6.68,
p < .0001). Analysis of the association of CH mutations with hematologic malignancy
demonstrated a numeric stepwise increase in risk with increasing VAF thresholds.
This analysis strongly supports the association of CH mutations with a clinically
meaningful increased risk of adverse clinical outcomes among individuals without

hematologic disease, particularly with increasing VAF thresholds.
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1 | INTRODUCTION
Clonal hematopoiesis (CH) is characterized by acquired mutations in
the hematopoietic system that provide a competitive advantage
resulting in the clonal expansion of the mutated cell population.
While CH was initially thought to occur primarily in the context of
hematologic cancer, advances in gene sequencing technology have
shown that clonal expansions can be found in healthy individuals.??

Mutations in leukemia driver genes detected in otherwise healthy
individuals are common.*> When detected using traditional Massively
Parallel Sequencing approaches, initially designed to sequence tumors
and identify germline mutations, CH mutations are commonly found
in over 10% of individuals aged 65 years or older, increasing in fre-
quency to over 30% at age 85 years or older.® However, when utiliz-
ing increasingly sensitive detection methods, CH mutations are
ubiquitous beginning in middle age.”®

While these mutations may frequently signal a benign process, their
clinical significance is not fully understood.* CH has been associated with
both hematologic and nonhematologic disease, including those related to
chronic inflammatory states.” In addition, CH mutations have been associ-
ated with cardiovascular disease (CVD) and all-cause mortality.é"10 While
the exact mechanisms are still being investigated, cells harboring CH-driver
mutations can increase the expression of pro-inflammatory cytokine and
chemokine genes, which contribute to the development of atherosclerosis
and correspond to plaque burden**? Importantly, inhibition of CH-
mediated signaling pathways has been shown to attenuate CVD risk 1314
CH mutations have also been associated with type 2 diabetes, obesity,
numerous solid tumors, peripheral arterial disease, and severe COVID-19,
among many others.*>"%8 The extent to which CH mutations are directly
involved in the pathogenesis of this diverse array of human disease,
potentially through their role in pro-inflammatory pathways, is unclear.*

The number of clinical outcomes associated with CH mutations is
rapidly expanding. Further complicating interpretation of these
disease-CH associations is the lack of consensus as to what constitutes
a clinically significant CH mutation burden (i.e., variant allele fraction
[VAF] or the proportion of the sequence reads that observed a specific
variant of interest) in an otherwise healthy individual. A comprehensive
evaluation of the literature to understand the association of CH muta-
tions with clinical outcomes will address an important knowledge gap
and guide future clinical and research efforts. Here, we undertake a
systemic review and meta-analysis of the published literature to exam-
ine the association of CH mutations with clinical outcomes, including
examination of disease risk according to CH mutation burden. We
hypothesize that CH mutations are associated with adverse clinical

outcomes in patients without hematologic disease.

2 | METHODS

This systematic review was performed and reported in accordance
with the meta-analysis of observational studies in epidemiology
(MOOSE)?° statement and followed the enhancing the quality and
transparency of health research (EQUATOR) Reporting Guidelines.

21 | Search strategy

We systematically searched for articles indexed in PubMed, EMBASE,
and Scopus (inception to July 9, 2020). The concepts used to search
these databases were “clonal AND (hematopoiesis OR (mosaic® AND
blood)).” The reference lists of recent reviews and included studies were
screened for additional references. Authors were contacted directly

when full-texts or supplementary data were not readily accessible.

2.2 | Study selection, inclusion, and exclusion

criteria

We included studies meeting the following criteria: 1) population-
based (e.g., cohort, case-control), 2) in humans, 3) available in English
(articles were not required to be published in an English language jour-
nal but an English language copy for initial screening was required),
4) an original research article (e.g., not a conference proceeding),
5) among individuals without known active hematologic disease at
determination of CH mutation status, 6) that reported a measure of risk
(e.g., odds ratio [OR], hazard ratio [HR], risk ratio) for a health outcome
(e.g., survival or a disease outcome such as diabetes, stroke, malignancy,
etc.) among individuals with and without CH mutations determined
using sequencing data, 7) where analyses minimally accounted for age
as a confounder (e.g., adjustment, stratification, matching).

All stages of screening were performed in Covidence,?* an online
systematic review management software. Three authors (MKN, MRT,
KTN) jointly participated in each step of screening and full-text
review. For each article, any two of these authors conducted screen-
ing and full-text review. Disagreement was resolved by the third
author that had not participated in the initial screening or full-text
review of that article.

2.3 | Data extraction

Data on the characteristics of each included study were extracted
independently by one author (MKN, MRT, or KTN), and verified by a
second author (MKN or KTN), using an adapted Cochrane data extrac-
tion template (http://cccrg.cochrane.org/author-resources). Extracted
data included first author, cohort name(s) or description, cohort
location(s), genes examined, disease outcome, follow-up time, sample
size, effect estimate type (e.g., HR, OR), effect estimate, 95% confi-
dence interval [CI], p-value, and adjustment covariates. We addition-
ally, a priori, extracted summary statistic data according to different
VAF thresholds to define the exposure (e.g., VAF 210%) and specific
gene associations when available. We extracted data from all studies
regardless of overlap with other included publications. When individ-
ual studies reported results in multiple cohorts, where possible, we
extracted summary data for each cohort. If a study reported results
for a given clinical outcome only by individual genes without a com-
bined gene analysis, we extracted the reported association with the

smallest standard error. We utilized the Newcastle-Ottawa Scale for
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Study ID Outcome HR/OR (95% CI) p.value
Cardiovascular

Bick et al. 2020** Cardiovascular events | 1.27 (1.04, 1.56) 0.019
Honigberg(UKBB) et al. 2021 Coronary heart disease - 1.31(0.87, 1.99) 0.2
Honigberg (WHI) et al. 2021 Coronary heart disease - 1.38(1.03, 1.86) 0.03
Jaiswal (FUS ION)et al. 2014 Coronary heart disease - 1.4(0.7,3.1) 0.35
Jaiswal (FUS ION)et al. 2014 Ischemic stroke B S— 3.5(1.6,7.4) 0.001
Jaiswal (JHS) etal. 2014 Ischemic stroke —— 1.4(0.5,4.2) 0.56
Jaiswal (JHS ) etal. 2014 Coronary heart disease _— 2.8(1.3,6.2) 0.011
Jaiswal et al. 2014** Cardiovascular mortality - 1.4 (0.9, 2.3) 0.15
Jaiswal et al. 2017** Coronary heart disease - 1.9(1.4,2.7) 2e-04
Jaiswal et al. 2017** E arly-onsetmyocardial infarction —— 4(2.4,6.7) <0.0001
Nachun et al. 2021 Coronary heart disease - 1.49 (1.02, 2.16) 0.037
Pascual-Figal et al. 2021** Heart failure death or hospitalization —_— 1.99 (1.08, 3.65) 0.027
Yokokawa et al. 2021** Cardiovascular events — 3.35(1.22,9.21) 0.019
Yokokawa et al. 2021 Vascular disease = 5.44 (1.05, 28.23) 0.043
Yu (ARIC) et al. 2021** Heart failure m 1.25(1.04, 1.5) <0.0001*
Yu (CHS ) et al. 2021** Heart failure ] 1.16 (0.97, 1.4) <0.0001*
Yu (JHS) etal. 2021 Heart failure - 0.93 (0.48, 1.81) 0.0061*
Yu (UKBB) etal. 2021 Heart failure - 1.33(1.05, 1.69) <0.0001*
Yu (WHI) et al. 2021** Heart failure =3 1.36 (1.1, 1.68) <0.0001*
Summary > 1.61(1.26, 2.07) 00002
Heterogeneity: Q =29.66, df =8, p =0.0002; 12 =0.73

Hematologic cancer

Abelson et al. 2018** Acute myeloid leukemia D ————— 12.5 (5, 160.5) <0.0001*
Bick et al. 2020 Myeloid leukemia - 6.25 (2.08, 18.82) 0.001
Bick et al. 2020** Myeloproliferative neoplasms —_——— 3.55(1.38,9.12) 0.009
Desai et al. 2018** Acute myeloid leukemia B —— 4.86 (3.07,7.77) <0.0001
Genovese et al. 2014** Hematologic cancer _ 12.9 (5.8, 28.7) <0.001
Jaiswal et al. 2014** Hematologic cancer _ 11.1 (3.9, 32.6) <0.001
Young et al. 2019** Acute myeloid leukemia - 5.4 (1.8, 16.6) 0.003
Zink et al. 2017** Hematologic cancer - 2.43 (1.56, 3.78)* <0.0001
Summary —— 5.59(3.31, 945) <00001
Heterogeneity: Q =18.73, df =6, p =0.0046; 12 =0.68

Therapy-related myeloid neoplasm

Bolton et al. 2020** Therapy-related myeloid neoplasm _—— 8.62 (3.83, 19.64) <0.0001
Gillis et al. 2017** Therapy-related myeloid neoplasm - 5.75(1.52, 25.09) 0.013
S oerensen et al. 2020** Therapy-related myeloid neoplasm - - 5.9 (1.8, 19.1) 0.003
Takahashi et al. 2017** Therapy-related myeloid neoplasm = 14 (1.4, 136.4) 0.023
Summary — 7.55 (4.2, 13.57) <00001
Heterogeneity: Q =0.69, df =3, p =0.8749; 12 =0

Death

Assmus et al. 2021** All-cause mortality - 1.77 (1.08, 2.9) 0.024
Boucai et al. 2018** All-cause mortality —_——— 3.75(1.23,11.5) 0.02
Cremer et al. 2020 All-cause mortality _— 2.8(1.52,5.18) <0.001
Dorsheimer et al. 2019 Overall survival —-— 2.11(1.047,4.237) 0.02
Genovese et al. 2014** All-cause mortality - 14(1,1.8 0.03
Jaiswal et al. 2014** All-cause mortality o 1.4(1.1,1.8 0.02
Mas-Peiro et al. 2020 All-cause mortality - - 4.81(1.49, 15.57) 0.009
Nachun et al. 2021 Mortality | 3 1.27 (0.97, 1.65) 0.077
Okamuraet al. 2021** Overall survival —_— 3.28(1.28,8.4) 0.01
Pascual-Figal et al. 2021** All-cause mortality --— 1.47 (0.77, 2.83) 0.245
Rossi (Health & Anemia) et al. 2021** Mortality | 3 1.28(1.1,1.9) 0.009
Rossi (Monzino) et al. 2021** Mortality [ ] 1.37(1.2,1.71) 0.006
Zink et al. 2017** All-cause mortality [ | 1.18(1.08, 1.29)* 0.00027
Summary * 1.34(1.2, 1.5) <00001
Heterogeneity: Q =13.82, df =8, p =0.0866; 12 =0.42
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FIGURE 1
[Color figure can be viewed at wileyonlinelibrary.com]

assessing the quality of nonrandomized studies in meta-analyses,
which rates studies based on the quality of selection (e.g., of cases
and controls; score range 0-4), comparability (e.g., of the exposed and
unexposed groups; score range 0-2), and ascertainment of the expo-
sure or outcome (for case-control and cohort studies, respectively;
score range 0-3), where a higher numeric rating indicates a better

quality score.??

2.4 | Statistical analysis
We conducted meta-analyses to calculate summary statistic HRs and
95% Cls for identified health outcomes among individuals with and with-

out detectable CH mutations. Ratios of rates, including ORs and HRs,

Forest-plot and summary statistic data for the association of clonal hematopoiesis mutations with meta-analyzed clinical outcomes

were considered equivalent measures of risk.232* If 95% Cls or p-values
were not reported, we calculated them from the existing summary data,
where possible, to allow for inclusion in the meta-analysis.

We synthesized effect estimates of clinical outcome categories
using a random-effects meta-analysis model if three or more indepen-
dent studies reported on that outcome category. Random-effects
meta-analytic models were selected a priori as a conservative
approach given expected variability in methods used to identify CH
mutations and diversity of study populations and phenotypes. Where
there were multiple summary statistics in the literature for a clinical
outcome in the same cohort (e.g., CVD) we utilized the summary sta-
tistic with the smallest standard error in the meta-analysis. When
studies reported more than one analysis model, we chose the model

accounting for the largest number of confounding factors.
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The presence of small-study effects was not evaluated as no
individual meta-analysis had at least 10 included studies.?®> All
effect estimates and corresponding 95% Cls were log-transformed
for analysis. All analyses were conducted using R version 4.0.0.
Tests were considered significant if the two-sided p-value was less
than .05.

3 | RESULTS
3.1 | Search results

Our study selection process is summarized in Figure S1. After dupli-
cate removal, we screened 5101 unique entries. Of these, 173 under-
went full-text review with 32 studies ultimately included in the
systematic review (see Figure S1 for reasons for exclusion). The
32 studies included in our systematic review, with individual cohorts
and outcomes summarized separately where data were available, are
presented in Table S1. Studies were published from 2014 to 2021 pri-
marily in North American and European populations and reported on
a variety of clinical associations, including, most commonly, CVD,
hematologic cancer, therapy-related hematologic neoplasms, and
death. Follow-up ranged from a median of 1.4 to 13.1 years, where
reported, with cohort sizes ranging from 39 to 36 660 individuals. The
number and proportion of CH mutations by gene in each study are
summarized in Table S2.

3.2 | Quality of evidence

Assessment of study quality using the Newcastle-Ottawa Scale?? is
presented in Table S3. Among 32 studies included, 20 were of good
quality, 6 of fair quality, and 6 of poor quality. Most studies scored
high on the comparability scale due to extensive adjustment for
potential confounders, such as age and comorbidities. All included
studies used objective measures (i.e., gene sequencing) to ascertain
exposure, which was defined as the presence of identifiable CH muta-
tions above a certain VAF threshold. Study quality was most notably
limited by short follow-up time in cohort studies.

3.3 | Cardiovascular disease

Meta-analyses and forest plots are presented in Figure 1 with study
details presented in Table S1. After accounting for studies with over-
lapping cohorts, our meta-analysis of nine studies or cohorts showed
that individuals with CH mutations had a statistically significantly
increased risk of CVD (HR = 1.61, 95% Cl = 1.26-2.07, p = .0002;
12 = 73%, p = .0002). We additionally meta-analyzed data examining
the association of CH mutations with atherosclerotic CVD (HR = 1.85,
95% Cl = 1.39-2.47, p <.001; I?> = 63.2%, p = .012) and coronary
heart disease (HR = 1.57, 95% Cl = 1.37-1.81, p <.001; > = 0%,
p =.42) and found statistically significantly increased risk (see

Table S1 for specification of studies included in each meta-analysis).

Study ID Outcome HR/OR (95% CI) p.value
VAF <0.1

Bick et al. 2020** Cardiovascular events - 1.04 (0.78, 1.39) 0.78
Jaiswal etal. 2014 Cardiovascular mortality — 1(0.5, 2.3) 0.97
Jaiswal etal. 2014 Coronary heart disease —— 1.4 (0.5, 4) 0.55
Jaiswal et al. 2014 Ischemic stroke —_— 1.8 (0.7, 4.6) 0.2
Jaiswal et al. 2017** Coronary heart disease —a— 1.3 (0.5, 2.9 0.59
Jaiswal et al. 2017** Coronary heart disease -—— 1.6 (0.8, 3) 0.17
Summary > 1.14 (0.87, 1.49) 0.3473
Heterogeneity: Q = 1.48, df = 2, p = 0.4775;12 =0

VAF 2> 0.1

Bick et al. 2020** Cardiovascular events - 1.59 (1.2, 2.1) <0.0001
Honigberg(UKBB) et al. 2021 Coronary heart disease —— 1.56 (0.88, 2.78) 0.13
Honigberg(WHI) et al. 2021 Coronary heart disease —a— 1.45 (1.07, 1.98) 0.02
Jaiswal et al. 2014* Cardiovascular mortality —a— 1.9 (1.1, 3.5) 0.003
Jaiswal etal. 2014 Ischemic stroke L 3.1(1.2, 84) 0.025
Jaiswal etal. 2014 Coronary heart disease —_— 4.4 (1.9, 10.5) <0.001
Jaiswal et al. 2017** Coronary heart disease —u— 21(1.2, 2.9 0.01
Jaiswal etal. 2017 Coronary heart disease —a— 22 (1.2, 4.1) 0.01
Yu (ARIC) etal. 2021** Heart failure - 1.3 (1.04, 1.64) <0.0001*
Yu (CHS) etal. 2021** Heart failure - 1.21(1, 1.47) <0.0001*
Yu (JHS) etal. 2021 Heart failure —— 0.88 (0.44, 1.75) 0.0124*
Yu (UKBB) etal. 2021 Heart failure - 1.36 (0.96, 1.93) <0.0001*
Yu (WHI) etal. 2021** Heart failure - 1.4 (1.13, 1.74) <0.0001*
Summary L g 1.42 (1.24,1.62) <0.0001

Heterogeneity: Q = 7.69, df = 5, p = 0.1739; 12 = 0.35

° -
-

FIGURE 2 Forest plot and summary statistic data for the association of clonal hematopoiesis mutations with cardiovascular disease stratified
by variant allele fraction (VAF) [Color figure can be viewed at wileyonlinelibrary.com]
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Atherosclerotic CVD included coronary heart disease, early-onset
myocardial infarction, and ischemic stroke. Coronary heart disease
included studies specifically reporting on coronary heart disease.

To better understand the impact of VAF on CVD, we extracted
and meta-analyzed data on the association of CH mutations with
CVD according to CH mutation VAF (Figure 2). When examining the
association of CH mutations with a VAF of 10% or less, we did not
find a statistically significant association between CH mutations and
CVD (HR = 1.14, 95% Cl = 0.87-1.49, p =.3473; 1> =0%,
p = .4775). Conversely, when examining the association of CH muta-
tions with a VAF of 10% or more we found a statistically significant
association between CH mutations and increased risk of CVD
(HR = 1.42,95% Cl = 1.24-1.62, p < .0001; I> = 35%, p = .1739).

We next examined the association of CH mutations with CV out-
comes stratified by gene (Figure 3). We observed statistically signifi-
cant associations for each gene examined with the largest magnitude
of effect found for CH mutations in JAK2 (HR = 3.5, 95% Cl = 1.84-
6.68, p < .0001; I> = 45%, p = .1219).

3.4 | Hematologic cancer

We meta-analyzed data from seven studies examining the association
of CH mutations with the risk of hematologic malignancy (Figure 1).

e WiLey L«

We found that individuals with CH mutations had a large and statisti-
cally significantly increased risk of hematologic cancer (HR = 5.59,
95% Cl = 3.31-9.45, p < .0001; I? = 68%, p = .005).

We additionally examined the association of CH mutations with
hematologic malignancy according to the VAF threshold used to
define CH mutations (Figure 4). While there were not sufficient
studies using the same VAF threshold category to generate sum-
mary effects, we observed a stepwise numeric trend of increasing
risk of hematologic cancer with increasing VAF threshold ranging
from a VAF of 0.5% or greater (HR = 2.4, 95% Cl = 1.0-6.1,
p =.06) to a VAF of 10% or greater (HR = 49, 95% Cl = 21-
120, p <.001).

There were a limited number of studies examining the association
of CH mutations with hematologic malignancy stratified by gene

(Figure 4), which did not demonstrate clear gene-specific patterns.

3.5 | Therapy-related myeloid neoplasm

We next meta-analyzed data from four studies examining the associa-
tion of CH mutations with the risk of therapy-related myeloid neo-
plasm (Figure 1). We found that CH mutations conferred a large and
statistically significantly increased risk of therapy-related myeloid neo-
plasm (HR = 7.55, 95% Cl = 4.2-13.57, p < .0001; I*> = 0%, p = .875).

Study ID Outcome HR/OR (95% CI) p.value
ASXL1

Jaiswal et al. 2017** Coronary heart disease —— 2(1,3.9 0.05
Yu (ARIC) etal. 2021** Heart failure —-— 1.81 (1.16, 2.82) <0.0001*
Yu (CHS) etal. 2021** Heart failure —-— 1.33(0.81,2.2) <0.0001*
Yu (UKBB) et al. 2021** Heart failure - 143 (0.71, 2.87) <0.0001*
Yu (WHI) etal. 2021** Heart failure a4 1.76 (0.9, 3.43) <0.0001*
Summary - 1.64 (1.27,2.11) 0.0001
Heterogeneity: Q = 1.38, df =4, p =0.8473;12 =0

DNMT3A

Bick et al. 2020 Cardiovascular events - 1.56 (1.1, 2.2) 0.008
Jaiswal et al. 2017** Coronary heart disease —- 1.7 (1.1, 2.6) 0.01
Jaiswal et al. 2017** Early-onset Ml - 1.4 (0.7, 2.8 0.29
Pascual-Figal et al. 2021** Heart failure death or hospitalization —_— 4.5 (2.07, 9.74) <0.001
Yu (ARIC) etal. 2021* Heart failure - 1.04 (0.81, 1.33) <0.0001*
Yu (CHS) etal. 2021** Heart failure - 1.09 (0.85, 1.39) <0.0001*
Yu (JHS) etal. 2021 Heart failure —-— 0.99 (0.41, 2.35) 0.026*
Yu (UKBB) et al. 2021** Heart failure - 1.17 (0.85, 1.62) <0.0001*
Yu (WHI) etal. 2021** Heart failure - 1.09 (0.82, 1.45) <0.0001*
Summary - 1.31 (1.02, 1.66) 0.0311
Heterogeneity: Q = 16.18, df = 6, p = 0.0128; 12 = 0.63

JAK2

Jaiswal et al. 2017** Coronary heart disease _— 12 (3.8, 38.4) <0.0001
Yokokawa et al. 2021** Cardiovascular events —_— 3.35(1.22, 9.21) 0.019
Yokokawa et al. 2021 Vascular disease —_— 5.44 (1.05, 28.23) 0.043
Yu (ARIC) etal. 2021** Heart failure —_— 3.66 (1.18, 11.39) <0.0001*
Yu (CHS) etal. 2021** Heart failure —_— 2.79 (1.15, 6.78) <0.0001*
Yu (WHI) etal. 2021** Heart failure - 1.15 (0.3, 4.37) 0.0921*
Summary ——— 3.5 (1.84,6.68) 0.0001
Heterogeneity: Q = 7.28, df = 4, p = 0.1219; 12 = 0.45

TET2

Bick et al. 2020 Cardiovascular events —— 1.65 (1.05, 2.7) 0.041
Jaiswal et al. 2017** Coronary heart disease —— 191, 3.7) 0.06
Jaiswal et al. 2017** Early-onset Ml _ 8.3 (1.2, 357.5) 0.02
Pascual-Figal et al. 2021** Heart failure death or hospitalization —_— 3.18 (1.52, 6.66) 0.002
Yu (ARIC) etal. 2021** Heart failure --— 1.12 (0.64, 1.98) le-04*
Yu (CHS) etal. 2021** Heart failure - 1.22 (0.86, 1.73) <0.0001*
Yu (JHS) etal. 2021 Heart failure —_— 3.17 (1.42, 7.08) <0.0001*
Yu (UKBB) et al. 2021** Heart failure —a— 2.01 (1.39, 2.9) <0.0001*
Yu (WHI) etal. 2021** Heart failure —-— 2.01(1.39,2.9 <0.0001*
Summary - 1.75 (1.34, 2.28) <0.0001

Heterogeneity: Q = 11.22, df = 6, p = 0.0819; 12 = 0.47

FIGURE 3 Forest plot and summary statistic data for the association of clonal hematopoiesis mutations with cardiovascular disease stratified by gene

[Color figure can be viewed at wileyonlinelibrary.com]
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Gene

Study ID QOutcome Gene
Desai et al. 2018 Acute myeloid leukemia ASXL1
Desai et al. 2018 Acute myeloid leukemia DNMT3A
Young et al. 2019 Acute myeloid leukemia DNMT3A (R882H/R882C)
Desai et al. 2018 Acute myeloid leukemia IDH1/2
Desai et al. 2018 Acute myeloid leukemia JAK2
Young et al. 2019 Acute myeloid leukemia JAK2 (V617F)
Desai et al. 2018 Acute myeloid leukemia RUNX1
Desai et al. 2018 Acute myeloid leukemia TET2
Abelson et al. 2018 Acute myeloid leukemia TP53
Desai et al. 2018 Acute myeloid leukemia TP53
Abelson et al. 2018 Acute myeloid leukemia U2AF1
VAF

Study ID QOutcome VAF
Jaiswal etal. 2014 Hematologic cancer VAF = 0.1
Desai et al. 2018 Acute myeloid leukemia VAF > 0.1
Young et al. 2019 Acute myeloid leukemia VAF > 0.02
Young et al. 2019 Acute myeloid leukemia VAF = 0.01
Young et al. 2019 Acute myeloid leukemia VAF = 0.005
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Forest plot and summary statistic data for the association of clonal hematopoiesis mutations with hematologic malignancy

stratified by variant allele fraction (VAF) and gene [Color figure can be viewed at wileyonlinelibrary.com]

3.6 | Death

We conducted a meta-analysis of nine studies or cohorts examining
the risk of death among individuals found to carry CH mutations
(Figure 1). We found that CH mutations conferred a large and statisti-
cally significantly increased risk of death (HR = 1.34, 95% Cl = 1.2-
1.5, p < .0001; > = 42%, p = .087).

3.7 | Other results

Results for extracted data that were not included in the meta-analyses
are presented in Table $4.2151826-3% Reasons for exclusion from
meta-analysis included insufficient reporting of summary data (e.g., no
effect estimate) or lack of sufficient related outcomes to form a group

17.26 indicated an asso-

of three or more studies. Notably, two studies
ciation between CH mutations and solid malignancy and two studies
indicated an association between CH mutations and metabolic dis-

ease, including obesity*® and type 2 diabetes.'®

4 | DISCUSSION

In our systemic review and meta-analysis of 32 studies, we found that
individuals with CH mutations had a statistically significant increased
risk of CVD, particularly atherosclerotic CVD, hematologic cancer,
therapy-related myeloid neoplasms, and death. In addition, published
studies strongly support that the clinical relevance of CH mutations is
greater with higher VAF thresholds. This comprehensive analysis of
published studies strongly supports the association of CH mutations
with a clinically meaningful increased risk of adverse hematologic and
nonhematologic clinical outcomes and can be used to prioritize future

investigations.

CVD was the most common clinical disease outcome associated
with CH mutations. Among cardiovascular outcomes examined, the
largest magnitude of effect was observed between CH mutations and
atherosclerotic CVD. This finding is important from a public health
perspective as CVD is the leading cause of death in the elderly, but a
significant proportion of patients with CVD lack established risk fac-
tors (e.g. diabetes, dyslipidemia, and hypertension), or have just one
risk factor.>>¢ There is also increasing evidence that most middle-
aged individuals at low risk for CVD based on traditional risk factors
exhibit subclinical atherosclerosis.®”*® Therefore, it is reasonable to
conclude that there are other, not yet identified, age-dependent risk
factors contributing to the development of CVD, of which CH muta-
tions may be a meaningful contributor.

There is compelling evidence of a direct causal relationship
between CH mutations and CVD. In large population data sets, the
frequency of cardiovascular events and the burden of atherosclerosis
seen on imaging correspond to CH mutation clone size.?>®? In animal
models, mechanistic ties between CH mutation burden and acceler-

1112 and heart failure®®*! have been demon-

ated atherosclerosis
strated. RNA sequencing of cells bearing inactivating TET2 mutations,
one of the most commonly implicated genes in CH, shows increased
expression of pro-inflammatory mediators implicated in the pathogen-
esis of atherosclerosis, such as interleukin-1-beta (IL-1B) and
interleukin-6 (IL-6).124? IL-18 has been shown to mediate CH-
associated atherosclerosis and ischemia.*®** In addition, anti-IL-1p
monoclonal antibody therapy in patients with prior myocardial infarc-
tion results in lower recurrent events in randomized studies.!® IL-6,
which is induced by IL-1, has been causally linked with CVD in multi-

ple large-scale genetic and biomarker studies,*>*¢

and IL-6 signaling
deficiency has been shown to attenuate CVD risk among individuals
with CH.*

Our meta-analysis suggests that CH mutations in JAK2 might be

particularly important in mediating CVD risk. This is plausible from a
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physiologic standpoint. Clonal mutations in JAK2 have been shown to
contribute to thrombosis and vascular inflammation by increasing for-
mation of pro-thrombotic neutrophil extracellular traps, facilitating
vessel wall attachments via p41/f, integrin activation, and exacerbating
vasoconstriction.*”~# JAK2 mutations have also been shown to accel-
erate complex plaque formation and delay clearance of apoptotic cells,
contributing to plaque instability and rupture risk.*®4° While the
mechanisms by which CH mutations in TET2 and JAK2 contribute to
CVD have been most studied, there likely exist other, independent
pathways by which CH mutations increase CVD risk.

Our analysis also showed that the association between CH muta-
tions and CVD may be limited to CH mutations with a VAF 210%.
VAF is a measure of the mutation burden and refers to the proportion
of the sequence reads that observed a specific variant of interest.
While the intrinsic error rate of next-generation sequencing has com-
monly restricted analyses to VAF of 2% or higher,’® the use of newer
sequencing technology and bioinformatic methods allows for detec-
tion of clonal mutations of increasingly lower frequencies.’®>* More
recent studies suggest that CH mutations are ubiquitous in all adults
when sufficiently deep sequencing methods are utilized.*>#>° How-
ever, the clinical relevance of such small clones remains unclear. In our
meta-analysis, we examined VAF in CVD given the high volume of
publications for this phenotype. Unfortunately, the published litera-
ture is limited to studies using a 10% VAF cut-off to define categories.
Therefore, while we can conclude that CH mutations with a VAF of
10% or greater are likely more clinically significant than those with a
VAF of 10% or less, we are unable to determine a more exact clinically
relevant VAF threshold, as findings in the VAF 210% group may be
completely driven by the presence of larger clones (e.g. VAF 220%).
More investigation regarding clinically relevant VAF thresholds is
needed.

In our meta-analysis, we found more than 6-fold increased risk of
hematologic cancer among individuals harboring CH mutations.
Acute myeloid leukemia (AML) was the most frequently observed
malignancy.>=>3 This is not surprising, as CH among individuals with-
out hematologic cancer is largely secondary to leukemia driver muta-
tions and is thus considered a neoplasia precursor state.* However,
while the presence of multiple clones is a hallmark of cancer, it is not
considered neoplastic by itself.> Patients with myelodysplastic syn-
dromes typically have mutations in two or more driver genes, while
the median number of mutations in de novo AML is five.*®% In con-
trast, most individuals with CH mutations have only one leukemia
driver gene mutation (when using VAF of 2% or greater to define
CH).8 Progression to overt neoplasia requires acquisition of second-
ary mutations, which explains how patients with identifiable CH muta-
tions can remain clinically stable for years.>>> Accordingly, while the
presence of CH mutations carries a significantly increased risk of
hematologic malignancy, the absolute risk remains relatively small.*8>¢
However, we found that the risk of hematologic cancer is numerically
greater with increasing VAF thresholds, which may help guide screen-
ing and prevention strategies.

Our meta-analysis of four studies showed that patients with CH

mutations exposed to oncologic therapy had a more than 7-fold
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increased risk of developing a therapy-related hematologic neoplasm.
Patients with CH mutations detected at the time of primary cancer
diagnosis were more likely to develop therapy-related myeloid neo-
plasms following cytotoxic chemotherapy than patients without CH
mutations.””>® Furthermore, the presence of CH mutations during
autologous stem cell transplantation carried increased risk of develop-
ing therapy-related myeloid neoplasms and has been associated with
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inferior overall survival.”” Considering that clonal mutations are fre-

quently detected at the time of primary cancer diagnosis, this informa-
tion could be used to identify high-risk patients prior to therapy.>?°
Interestingly, both donor-derived and preexisting CH have been
shown to adversely impact outcomes of hematopoietic stem cell
transplantation.®%¢?

Several notable studies have examined the association of CH
mutations and therapy-related hematologic neoplasms but did not
meet criteria for inclusion in our manuscript. Reasons for exclusion
included that they evaluated CH mutations among individuals
with active hematologic disease and/or did not report summary ana-
lyses minimally adjusted for age. Gibson et al. performed targeted
sequencing on cryopreserved autologous stem-cell products from
401 individuals who underwent autologous stem cell transplant
(ASCT) for non-Hodgkin lymphoma.®? They found that 29.9% of indi-
viduals had detectable CH mutations at ASCT, which was associated
with a statistically significantly increased 10-year cumulative inci-
dence of therapy-related hematologic neoplasm (14.1% vs. 4.3%) and
decreased 10-year overall survival (30.4% vs. 60.9%). Mouhieddine
et al. similarly undertook targeted sequencing in stem cell products
from 629 individuals with multiple myeloma who underwent ASCT;
detecting CH mutations in 21.6% of patients.®® Individuals with CH
mutations prior to ACST were not at an increased risk of therapy-
related hematologic neoplasm (p = .4), but had statistically signifi-
cantly worse overall survival and progression-free survival in an
age-stratified analysis. Wudhikarn et al. performed targeted sequenc-
ing from pre-ASCT bone marrow mononuclear cell DNA, excluding
plasma cells, in 101 patients with multiple myeloma and found CH
mutations in 23%.%* No differences in second primary malignancies
(30.4% vs. 15.3%; p =.13), OS (100.2 months vs. 135.6 months;
p = .27), or event-free survival (36.4 months vs. 36.4 months, p = .34)
were observed among those with and without CH mutations. More
research is needed to understand how oncologic therapies interact
with existing CH mutations and whether they can increase the risk of
adverse outcomes, including late complications such as CVD and sec-
ondary leukemias.

Several clinical outcomes were excluded from our meta-analysis
due to insufficient summary data or too few related clinical outcomes
to combine. While supported by a more limited numbers of studies,
statistically significant and clinically relevant associations with CH
mutations have been observed for a diverse array of clinical out-
comes, including solid tumors, psychiatric disease, pulmonary disease,
peripheral arterial disease, melanoma, type 2 diabetes, obesity, and
severe COVID-19.215-18262829 \while most mechanistic data for the
association of CH mutations with clinical phenotypes is focused on

the pathogenesis of CVD, it is possible that the proposed
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pro-inflammatory processes contribute to a wider range of adverse

associations.1?%4

41 | Limitations

Our study has limitations. First, the studies included were observa-
tional, thus the findings could be the result of shared genetic and envi-
ronmental risk factors or residual confounding. While all included
studies adjusted their analyses for age, other potential confounding
factors were not universally adjusted for that could contribute to the
development of CH mutations and the examined outcomes, such as
smoking. Overall, most of the included studies were judged to have a
low risk of bias based on the assessment of study quality. Second,
many of the cohorts come from tertiary medical centers and may not
be representative of the general population. However, almost all stud-
ies selected the exposed and nonexposed cohorts from the same pop-
ulation and the frequency of CH mutations among these patients was
not increased when compared to healthy adults. Third, we observed
statistically significant heterogeneity in some of our meta-analyses.
Methods of sequencing and identification of CH mutations were not
uniform among the studies included in our meta-analyses and studies
differed in their selection of patient populations and identification of
outcomes. Notably, we did not observe heterogeneity when limiting
our analysis to coronary heart disease alone, in our VAF analysis, or
for most gene-specific analyses. This suggests that our grouping of
disease phenotypes, studies with diverse methodology, and gene-
specific effects may have contributed to our observed heterogeneity.
While a priori specified the use of random-effects models to account
for differences between studies, the presence of heterogeneity limits
the interpretation of our results.

5 | CONCLUSION

In conclusion, there is a strong and growing evidence base for the associ-
ation of CH mutations with a broad range of both hematologic and non-
hematologic outcomes. Considering rapid technological advances and
decreasing cost of sequencing, screening for CH mutations has the
potential to be an important tool to prognosticate cardiovascular risk,
secondary malignancy risk, and other associated sequelae. A better
understanding of clinically relevant CH mutation burden is needed as
select individuals may benefit from multidisciplinary management includ-
ing cardiovascular prevention in high-risk CH carrier clinics.®® Strategies
to reduce the clonal burden may also have the potential to reduce the
risk of malignancy, CVD, and other CH-associated conditions. Ultimately,
more research is needed to broadly examine the association of CH muta-
tions with diverse clinical phenotypes and to better define the practical
clinical implications of CH mutations.

ACKNOWLEDGMENTS
This study was supported in part by the National Institutes of Health
(Cancer Center Support Grant P30 CA016672). Kevin T. Nead and

Mackenzie R. Wehner are Cancer Prevention Research Institute of
Texas (CPRIT) Scholars in Cancer Research. Kevin T. Nead is supported
by CPRIT RR190077, NCI L30CA253796, and NCI KO8CA263313.
Mackenzie R. Wehner is supported by CPRIT FP9178.

CONFLICT OF INTEREST

The authors have nothing to disclose.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from the
corresponding author upon reasonable request.

ORCID
Malgorzata K. Nowakowska
1878

https://orcid.org/0000-0001-5756-

REFERENCES

1. Jaiswal S, Ebert BL. Clonal hematopoiesis in human aging and disease.
Science. 2019;366:eaan4673.

2. Genovese G, Kahler AK, Handsaker RE, et al. Clonal hematopoiesis
and blood-cancer risk inferred from blood DNA sequence. N Engl J
Med. 2014;371(26):2477-2487.

3. Watson CJ, Papula AL, Poon GYP, et al. The evolutionary dynamics
and fitness landscape of clonal hematopoiesis. Science. 2020;
367(6485):1449-1454.

4. Steensma DP, Bejar R, Jaiswal S, et al. Clonal hematopoiesis of inde-
terminate potential and its distinction from myelodysplastic syn-
dromes. Blood. 2015;126(1):9-16.

5. Silver AJ, Jaiswal S. Clonal hematopoiesis: pre-cancer PLUS. Adv Can-
cer Res. 2019;141:85-128.

6. Steensma DP. Clinical consequences of clonal hematopoiesis of inde-
terminate potential. Blood Adv. 2018;2(22):3404-3410.

7. van Zeventer |A, Salzbrunn JB, de Graaf AQO, et al. Prevalence, predic-
tors, and outcomes of clonal hematopoiesis in individuals aged
>80 years. Blood Adv. 2021;5(8):2115-2122.

8. Acuna-Hidalgo R, Sengul H, Steehouwer M, et al. Ultra-sensitive
sequencing identifies high prevalence of clonal hematopoiesis-
associated mutations throughout adult life. Am J Hum Genet. 2017,
101(1):50-64.

9. Jaiswal S. Clonal hematopoiesis and nonhematologic disorders. Blood.
2020;136(14):1606-1614.

10. Sidlow R, Lin AE, Gupta D, et al. The clinical challenge of clonal hema-
topoiesis, a newly recognized cardiovascular risk factor. JAMA Cardiol.
2020;5(8):958-961.

11. Fuster JJ, MaclLauchlan S, Zuriaga MA, et al. Clonal hematopoiesis
associated with TET2 deficiency accelerates atherosclerosis develop-
ment in mice. Science. 2017;355(6327):842-847.

12. Jaiswal S, Natarajan P, Silver AJ, et al. Clonal hematopoiesis and risk
of atherosclerotic cardiovascular disease. N Engl J Med. 2017;377(2):
111-121.

13. Ridker PM, Everett BM, Thuren T, et al. Antiinflammatory therapy
with canakinumab for atherosclerotic disease. N Engl J Med. 2017;
377(12):1119-1131.

14. Bick AG, Pirruccello JP, Griffin GK, et al. Genetic interleukin 6 signal-
ing deficiency attenuates cardiovascular risk in clonal hematopoiesis.
Circulation. 2020;141(2):124-131.

15. Haring B, Reiner AP, Liu J, et al. Healthy lifestyle and clonal hemato-
poiesis of indeterminate potential: results from the Women's Health
Initiative. J Am Heart Assoc. 2021;10(5):e018789.

16. Hameister E, Stolz SM, Fuhrer Y, et al. Clonal hematopoiesis in hospi-
talized elderly patients with COVID-19. Hemasphere. 2020;4(4):e453.


https://orcid.org/0000-0001-5756-1878
https://orcid.org/0000-0001-5756-1878
https://orcid.org/0000-0001-5756-1878

NOWAKOWSKA ET AL

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Bolton KL, Ptashkin RN, Gao T, et al. Cancer therapy shapes the fit-
ness landscape of clonal hematopoiesis. Nat Genet. 2020;52(11):
1219-1226.

Jaiswal S, Fontanillas P, Flannick J, et al. Age-related clonal hemato-
poiesis associated with adverse outcomes. N Engl J Med. 2014;
371(26):2488-2498.

Cook EK, Luo M, Rauh MJ. Clonal hematopoiesis and inflammation:
partners in leukemogenesis and comorbidity. Exp Hematol. 2020;83:
85-94.

Stroup DF, Berlin JA, Morton SC, et al. Meta-analysis of observational
studies in epidemiology: a proposal for reporting. Meta-analysis of
observational studies in epidemiology (MOOSE) group. Jama. 2000;
283(15):2008-2012.

Orr N, Cooke R, Jones M, et al. Genetic variants at chromosomes
2935, 5p12, 6g25.1, 10926.13, and 16q12.1 influence the risk of
breast cancer in men. PLoS Genet. 2011;7(9):e1002290.

Stang A. Critical evaluation of the Newcastle-Ottawa Scale for the
assessment of the quality of nonrandomized studies in meta-analyses.
Eur J Epidemiol. 2010;25(9):603-605.

Rothman KJ, Greenland S, Lash TL. Modern Epidemiology. 3rd ed.
Wolters Kluwer Health/Lippincott Williams & Wilkins; 2008.
Roerecke M, Rehm J. Cause-specific mortality risk in alcohol use dis-
order treatment patients: a systematic review and meta-analysis. Int J
Epidemiol. 2014;43(3):906-919.

Matthew J, JPH P, Sterne JAC. Assessing risk of bias due to missing
results in a synthesis. Cochrane Handbook for Systematic Reviews of
Interventions Version 6.0 (Updated July 2019). Cochrane; 2019.

Zink F, Stacey SN, Norddahl GL, et al. Clonal hematopoiesis, with and
without candidate driver mutations, is common in the elderly. Blood.
2017;130(6):742-752.

Abelson S, Collord G, Ng SWK, et al. Prediction of acute myeloid leu-
kaemia risk in healthy individuals. Nature. 2018;559(7714):400-404.
Buscarlet M, Provost S, Zada YF, et al. DNMT3A and TET2 dominate
clonal hematopoiesis and demonstrate benign phenotypes and differ-
ent genetic predispositions. Blood. 2017;130(6):753-762.

Arends CM, Galan-Sousa J, Hoyer K, et al. Hematopoietic lineage dis-
tribution and evolutionary dynamics of clonal hematopoiesis. Leuke-
mia. 2018;32(9):1908-1919.

Cook EK, Izukawa T, Young S, et al. Comorbid and inflammatory char-
acteristics of genetic subtypes of clonal hematopoiesis. Blood Adv.
2019;3(16):2482-2486.

Coombs CC, Zehir A, Devlin SM, et al. Therapy-related clonal hema-
topoiesis in patients with non-hematologic cancers is common and
associated with adverse clinical outcomes. Cell Stem Cell. 2017;21(3):
374-382.e374.

Frick M, Chan W, Arends CM, et al. Role of donor clonal hematopoie-
sis in allogeneic hematopoietic stem-cell transplantation. J Clin Oncol.
2019;37(5):375-385.

Rossi M, Meggendorfer M, Zampini M, et al. Clinical relevance of
clonal hematopoiesis in the oldest-old population. Blood. 2021;138
(21):2093-2105.

Slavin TP, Teh JB, Weitzel JN, et al. Association between clonal
hematopoiesis and late nonrelapse mortality after autologous hema-
topoietic cell transplantation. Biol Blood Marrow Transplant. 2019;
25(12):2517-2521.

Wilkins JT, Ning H, Berry J, Zhao L, Dyer AR, Lloyd-Jones DM. Life-
time risk and years lived free of total cardiovascular disease. JAMA.
2012;308(17):1795-1801.

Khot UN, Khot MB, Bajzer CT, et al. Prevalence of conventional risk
factors in patients with coronary heart disease. JAMA. 2003;290(7):
898-904.

Laclaustra M, Casasnovas JA, Ferndndez-Ortiz A, et al. Femoral and
carotid subclinical atherosclerosis association with risk factors and coro-
nary calcium: the AWHS study. J Am Coll Cardiol. 2016;67(11):1263-1274.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

e WiLey- L

Fernandez-Friera L, Penalvo JL, Fernandez-Ortiz A, et al. Prevalence,
vascular distribution, and multiterritorial extent of subclinical athero-
sclerosis in a middle-aged cohort: the PESA (progression of early sub-
clinical atherosclerosis) study. Circulation. 2015;131(24):2104-2113.
Honigberg MC, Zekavat SM, Niroula A, et al. Premature menopause,
clonal hematopoiesis, and coronary artery disease in postmenopausal
women. Circulation. 2021;143(5):410-423.

Sano S, Wang Y, Yura Y, et al. JAK2V617F-mediated clonal hemato-
poiesis accelerates pathological remodeling in murine heart failure.
JACC Basic Transl Sci. 2019;4(6):684-697.

Sano S, Oshima K, Wang Y, et al. Tet2-mediated clonal hematopoiesis
accelerates heart failure through a mechanism involving the IL-
1B/NLRP3 Inflammasome. J Am Coll Cardiol. 2018;71(8):875-886.
Zhang Q, Zhao K, Shen Q, et al. Tet2 is required to resolve inflamma-
tion by recruiting Hdac2 to specifically repress IL-6. Nature. 2015;
525(7569):389-393.

Sano S, Oshima K, Wang Y, Katanasaka Y, Sano M, Walsh K. CRISPR-
mediated gene editing to assess the roles of Tet2 and Dnmt3a in
clonal hematopoiesis and cardiovascular disease. Circ Res. 2018;
123(3):335-341.

Libby P. Interleukin-1 Beta as a target for atherosclerosis therapy:
biological basis of CANTOS and beyond. J Am Coll Cardiol. 2017;
70(18):2278-2289.

Sarwar N, Butterworth AS, Freitag DF, et al. Interleukin-6 receptor
pathways in coronary heart disease: a collaborative meta-analysis of
82 studies. Lancet. 2012;379(9822):1205-1213.

Swerdlow DI, Holmes MV, Kuchenbaecker KB, et al. The
interleukin-6 receptor as a target for prevention of coronary heart
disease: a mendelian randomisation analysis. Lancet. 2012;379(9822):
1214-1224.

Wolach O, Sellar RS, Martinod K, et al. Increased neutrophil extracel-
lular trap formation promotes thrombosis in myeloproliferative neo-
plasms. Sci Transl Med. 2018;10(436):eaan8292.

Wang W, Liu W, Fidler T, et al. Macrophage inflammation,
erythrophagocytosis, and accelerated atherosclerosis in Jak2. Circ
Res. 2018;123(11):e35-e47.

Poisson J, Tanguy M, Davy H, et al. Erythrocyte-derived microvesicles
induce arterial spasms in JAK2V617F myeloproliferative neoplasm.
J Clin Invest. 2020;130(5):2630-2643.

Young AL, Challen GA, Birmann BM, Druley TE. Clonal
haematopoiesis harbouring AML-associated mutations is ubiquitous
in healthy adults. Nat Commun. 2016;7:12484.

Young AL, Tong RS, Birmann BM, Druley TE. Clonal hematopoiesis and
risk of acute myeloid leukemia. Haematologica. 2019;104(12):2410-2417.
Desai P, Mencia-Trinchant N, Savenkov O, et al. Somatic mutations
precede acute myeloid leukemia years before diagnosis. Nat Med.
2018;24(7):1015-1023.

Ley TJ, Miller C, Ding L, et al. Genomic and epigenomic landscapes of
adult de novo acute myeloid leukemia. N Engl J Med. 2013;368(22):
2059-2074.

Welch JS, Ley TJ, Link DC, et al. The origin and evolution of muta-
tions in acute myeloid leukemia. Cell. 2012;150(2):264-278.

Sperling AS, Gibson CJ, Ebert BL. The genetics of myelodysplastic
syndrome: from clonal haematopoiesis to secondary leukaemia. Nat
Rev Cancer. 2017;17(1):5-19.

Gillis NK, Ball M, Zhang Q, et al. Clonal haemopoiesis and therapy-
related myeloid malignancies in elderly patients: a proof-of-concept,
case-control study. Lancet Oncol. 2017;18(1):112-121.

Takahashi K, Wang F, Kantarjian H, et al. Preleukaemic clonal
haemopoiesis and risk of therapy-related myeloid neoplasms: a case-
control study. Lancet Oncol. 2017;18(1):100-111.

Soerensen JF, Aggerholm A, Kerndrup GB, et al. Clonal hematopoiesis
predicts development of therapy-related myeloid neoplasms post-
autologous stem cell transplantation. Blood Adv. 2020;4(5):885-892.



= | wWiLEY-[JNE}

59.

60.

61.
62.

63.

64.

NOWAKOWSKA ET AL.

Nawas MT, Schetelig J, Damm F, et al. The clinical implications of
clonal hematopoiesis in hematopoietic cell transplantation. Blood Rev.
2021;46:100744.

Wilk CM, Manz MG, Boettcher S. Clonal hematopoiesis in hematopoi-
etic stem cell transplantation. Curr Opin Hematol. 2021;28(2):94-100.
Gibson CJ, Lindsley RC, Tchekmedyian V, et al. Clonal hematopoiesis
associated with adverse outcomes after autologous stem-cell trans-
plantation for lymphoma. J Clin Oncol. 2017;35(14):1598-1605.
Mouhieddine TH, Sperling AS, Redd R, et al. Clonal hematopoiesis is
associated with adverse outcomes in multiple myeloma patients
undergoing transplant. Nat Commun. 2020;11(1):2996.

Waudhikarn K, Padrnos L, Lasho T, et al. Clinical correlates and prog-
nostic impact of clonal hematopoiesis in multiple myeloma patients
receiving post-autologous stem cell transplantation lenalidomide
maintenance therapy. Am J Hematol. 2021;96(5):E157-E162.

Bowman RL, Busque L, Levine RL. Clonal hematopoiesis and evolu-
tion to hematopoietic malignancies. Cell Stem Cell. 2018;22(2):
157-170.

65. Bolton KL, Zehir A, Ptashkin RN, et al. The clinical management of
clonal hematopoiesis: creation of a clonal hematopoiesis clinic.
Hematol Oncol Clin North Am. 2020;34(2):357-367.

SUPPORTING INFORMATION
Additional supporting information may be found in the online version
of the article at the publisher's website.

How to cite this article: Nowakowska MK, Kim T,
Thompson MT, et al. Association of clonal hematopoiesis
mutations with clinical outcomes: A systematic review and
meta-analysis. Am J Hematol. 2022;97(4):411-420.
doi:10.1002/ajh.26465


info:doi/10.1002/ajh.26465

	Association of clonal hematopoiesis mutations with clinical outcomes: A systematic review and meta-analysis
	1  INTRODUCTION
	2  METHODS
	2.1  Search strategy
	2.2  Study selection, inclusion, and exclusion criteria
	2.3  Data extraction
	2.4  Statistical analysis

	3  RESULTS
	3.1  Search results
	3.2  Quality of evidence
	3.3  Cardiovascular disease
	3.4  Hematologic cancer
	3.5  Therapy-related myeloid neoplasm
	3.6  Death
	3.7  Other results

	4  DISCUSSION
	4.1  Limitations

	5  CONCLUSION
	ACKNOWLEDGMENTS
	  CONFLICT OF INTEREST
	  DATA AVAILABILITY STATEMENT

	REFERENCES


