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Clonal Hematopoiesis of Indeterminate
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Inflammasome Activation
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BACKGROUND: Clonal hematopoiesis of indeterminate potential (CHIP), a common age-associated phenomenon, associates with
increased risk of both hematological malignancy and cardiovascular disease. Although CHIP is known to increase the risk of
myocardial infarction and heart failure, the influence of CHIP in cardiac arrhythmias, such as atrial fibrillation (AF), is less explored.

METHODS: CHIP prevalence was determined in the UK Biobank, and incident AF analysis was stratified by CHIP status and
clone size using Cox proportional hazard models. Lethally irradiated mice were transplanted with hematopoietic-specific loss of
Tet2, hematopoietic-specific loss of Tet2 and Nirp3, or wild-type control and fed a Western diet, compounded with or without
NLRP3 (NLR [NACHT, LRR f{leucine rich repeat}] family pyrin domain containing protein 3) inhibitor, NP3-361, for 6 to 9
weeks. Mice underwent in vivo invasive electrophysiology studies and ex vivo optical mapping. Cardiomyocytes from Ldlr'~
mice with hematopoietic-specific loss of Tet2 or wild-type control and fed a Western diet were isolated to evaluate calcium
signaling dynamics and analysis. Cocultures of pluripotent stem cell-derived atrial cardiomyocytes were incubated with Tet2-
deficient bone marrow—derived macrophages, wild-type control, or cytokines IL-1f (interleukin 1) or IL-6 (interleukin 6).

RESULTS: Analysis of the UK Biobank showed individuals with CHIP, in particular TET2 CHIPF, have increased incident AR
Hematopoietic-specific inactivation of Tet2 increases AF propensity in atherogenic and nonatherogenic mouse models
and is associated with increased NIrp3 expression and CaMKIl (Ca2+/calmodulin-dependent protein kinase II) activation,
with AF susceptibility prevented by inactivation of Nirp3. Cardiomyocytes isolated from Ldlr”~ mice with hematopoietic
inactivation of Tet2 and fed a Western diet have impaired calcium release from the sarcoplasmic reticulum into the cytosol,
contributing to atrial arrhythmogenesis. Abnormal sarcoplasmic reticulum calcium release was recapitulated in cocultures of
cardiomyocytes with the addition of Tet2-deficient macrophages or cytokines IL-1f or IL-6.

CONCLUSIONS: We identified a modest association between CHIP, particularly TET2 CHIP, and incident AF in the UK Biobank
population. In a mouse model of AF resulting from hematopoietic-specific inactivation of Tet2, we propose altered calcium
handling as an arrhythmogenic mechanism, dependent on Nip3 inflammasome activation. Our data are in keeping with
previous studies of CHIP in cardiovascular disease, and further studies into the therapeutic potential of NLRP3 inhibition for
individuals with TET2 CHIP may be warranted.
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Linetal Tet2 CHIP Enhances AF Risk by NIrp3 Activation
Clinical Perspective Nonstandard Abbreviations and Acronyms
What Is New? AERP atrial effective refractory period

e Existing literature links clonal hematopoiesis of
indeterminate potential (CHIP) with atherosclerotic
heart disease. Here, we demonstrate that individu-
als with CHIP, specifically those with large variant
allele frequency tet methylcystosine dioxygenase 2
(TET2) mutations, have an increased risk for atrial
fibrillation (AF).

* Hematopoietic-specific Tet2 deficiency leads to
increased AF susceptibility in mice mediated by
increased NIrp3 (NLR [NACHT, LRR {leucine
rich repeat}] family pyrin domain containing pro-
tein 3) inflammasome expression, which leads to
increased CaMKIl (Ca2*/calmodulin-dependent
protein kinase Il) activation and cardiomyocyte cal-
cium dysregulation.

» Targeting NIrp3 inflammasome activation prevents
Tet2 deficiency-related arrhythmogenesis in a
mouse model.

What Are the Clinical Implications?

e These data add to our growing understanding of AF
pathogenesis, particularly the role of immune cells
and the inflammasome.

e Individuals with TET2-mutated CHIP may carry an
elevated risk of AF compared with the general pop-
ulation, making CHIP a potential novel biomarker
for increased risk of AF.

e CHIP mutation status can allow for the identifica-
tion of a patient population that may be responsive
to the treatment of AF with an NLRP3 inhibitor.

Clonal hematopoiesis of indeterminate potential
(CHIP), an age-associated phenomenon, results
from somatic leukemogenic driver mutations in
hematopoietic stem cells that generate clonal popula-
tions in the peripheral blood."? CHIP is common, occur-
ring in >10% of individuals older than 70 years of age,
and increases the risk of myeloid malignancies. In addi-
tion, CHIP has emerged as an unexpected and impor-
tant risk factor for cardiovascular disease (CVD).'-®
Individuals with CHIP have an increased risk of myo-
cardial infarction and ischemic stroke, independent of
traditional CVD risk factors.® Atherosclerosis-prone
LdIr’= mice with genetic inactivation in myeloid cells of
tet methylcystosine dioxygenase 2 (Tet?), a gene com-
monly mutated in CHIP, develop accelerated atheroscle-
rosis with increased proinflammatory cytokine production
including IL-1p (interleukin 1B) and IL-6 (interleukin 6).34
The NLRP3 (NLR [NACHT {NAIP (neuronal apoptosis
inhibitor protein), C2TA (class 2 transcription activator
of the MHC), HET-E (heterokaryon incompatibility), and
TP1 (telomerase-associated protein)}, LRR {leucine rich
repeat}] family pyrin domain containing protein 3) inhibi-
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AF atrial fibrillation

APD action potential duration

ASXL1 additional sex combs-like 1

CAD coronary artery disease

CaMKIl  Ca*‘/calmodulin-dependent protein
kinase Il

CANTOS Canakinumab Anti-Inflammatory
Thrombosis Outcomes Study

CHIP clonal hematopoiesis of indeterminate
potential

CvD cardiovascular disease

DNMT3A DNA (cytosine-5)-methyltransferase 3A

HF heart failure

HR hazard ratio

hsCRP high-sensitivity C-reactive protein

IL-18 interleukin-1f3

IL-6 interleukin-6

LDL low-density lipoprotein

LPS lipopolysaccharide

NACHT NAIP (neuronal apoptosis inhibitor pro-
tein), C2TA (class 2 transcription activa-
tor of the MHC), HET-E (heterokaryon
incompatibility), and TP1 (telomerase-
associated protein)

NLRP3 NLR (NACHT, LRR [leucine rich
repeat]) family pyrin domain containing
protein 3

RA right atrial

RyR2 ryanodine receptor 2

SERCA2a sarcoplasmic/endoplasmic reticulum

Ca2* ATPase 2a
SR sarcoplasmic reticulum

TET2 tet methylcystosine dioxygenase 2
TNFa tumor necrosis factor o

VAF variant allele frequency

WD Western diet

WT wild-type

tor MCC950 has been reported to reverse these effects,
pointing to aberrant inflammation as a contributor to the
mechanism of aggravated atherogenesis.* Additional
studies continue to broaden our understanding of the
role of CHIP in CVD and show that the presence of
CHIP leads to accelerated and worsened outcomes in
heart failure (HF) and severe aortic stenosis after trans-
catheter aortic valve implantation.®® However, the role of
CHIP in arrhythmias, specifically atrial fibrillation (AF), is
less understood.

Worldwide, AF is the most prevalent sustained arrhyth-
mia and causes substantial morbidity and mortality.” AF
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pathophysiology is multifactorial, and many risk factors
have been identified including advancing age, athero-
sclerotic heart disease, valvulopathies, atrial and ventricu-
lar remodeling, hypertension, and diabetes. In addition,
inflammation contributes to AF and associated increased
prothrombotic risk.® Patients with AF often have elevated
circulating proinflammatory cytokines IL- 3, IL-6,and TNFa.
(tumor necrosis factor a) and increased activation of the
NLRP3 inflammasome®® Mice with constitutively active
Nirp3*3%% overexpressed in cardiomyocytes recapitulate
AF inducibility and susceptibility, thus establishing a role
for aberrant cardiac inflammasome responses in AR We
hypothesized that patients with CHIP have an increased
risk for AF, resulting in part from increased inflammation,
mediated by aberrant and overactive NLRP3 inflamma-
some activation in cardiac macrophages.

METHODS
Data Availability

Additional and detailed methods are included in the
Supplemental Material. Genetic sequencing data analyzed are
available through the UK Biobank Data Showcase. Data sup-
porting the findings of this study are available from the corre-
sponding authors upon reasonable request.

Study Samples

In this study, we included 453515 individuals with available
whole-exome sequencing data in the UK Biobank from the
existing >500 000 participants 40 to 70 years of age recruited
between 2006 and 2010."%'" After excluding individuals with
prevalent hematological malignancies, missing covariates,
and one of the third-degree relatives,'®'? 362440 individuals
remained in the cohort. Further, we excluded 4343 individu-
als with prevalent AF leaving 358097 individuals in the final
analysis cohort. Using the whole-exome sequencing data, we
identified CHIP, defined as the presence of somatic mutations
in hematopoietic cells with a variant allele frequency (VAF) of
>20, as previously described.”®'* Incident AF analysis strati-
fied by CHIP status and clone size (larger clone size defined as
>10% VAF) was performed using Cox proportional hazard mod-
els adjusting for age, age? sex (male and female), ever-smoked
status (yes or no), genetic ancestry (European/non-European),
body mass index (<30/>30), prevalent type 2 diabetes, preva-
lent hypertension, prevalent coronary artery disease (CAD), and
LDL (low-density lipoprotein; adjusted for statin use), as previ-
ously described.'® Individuals with AF, type 2 diabetes, hyperten-
sion, CAD, HF, valvular disease, and hematological malignancies
were identified on the basis of the International Classification
of Diseases, Ninth and 10th Revisions (ICD-9, ICD-10), and
Office of Population Censuses and Surveys Classification of
Interventions and Procedures-4 (OPCS-4) codes (Table St1).
The samples were followed up for up to 12 years from the time
of recruitment to the UK Biobank through March 2020. The
individuals diagnosed with AF ICD-9, ICD-10 codes or OPCS-4
for AF ablation were considered events, and individuals who did
not experience events during the follow-up period were cen-
sored at the end of follow-up. Individuals who died before the
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end of the follow-up period were censored at death. For the
secondary analysis, individuals with incident HF before AF diag-
nosis were censored at the time of HF diagnosis.

Mouse Models

Experimental mouse strains include Tet2-floxed B6;129S-
Tet2m!- 1k (Jax, 017573), DNA (cytosine-b)-methyltransferase
3A (Dnmt3a)-floxed line B6;12954-Dnmt3aims €18 Nimp3-/~
B6N.129-Nip3m 1 (Jax, 017971), CD45.1 B6.SJL-Piprc
Pepc®/BoyJ (Jax, 002014), Ldlr’- B6129S7-Ldlrm e (Jax,
002207), and BL6 C57BL6/J (Jax, 000664). To generate
the Tet2 knockout specific or Dnmt3a knockout specific to
the entire hematopoietic lineage, Vav1-Cre* recombinase mice
(B6.Cg-Commd 1Q7svavi-ereizkio) [ Jax, 008610]) were crossed
with the floxed line. Wild-type (WT) Vav1-Cre* animals were
used as controls. To generate Tet2 hematopoietic-specific
and Nip3 double knockout, Vav1-Cre* mice were crossed. To
generate transplant recipients, Ldlr”’~ and NIrp3~~ lines were
backcrossed to CD45.1 mice2 All alleles were genotyped by
Transnetyx, Inc. All animals were maintained according to the
approved grant by institutional animal care and use committee
of Brigham and Women's Hospital and Dana Farber Cancer
Institute. Animals were housed with a standard light-dark 12
hour:12 hour schedule, with ad libitum access to food and
water. Mice were maintained on normal chow diet, and after
confirmation of engraftment at 4 weeks after transplant, mice
were fed a Western diet (WD) consisting of 21% milk fat,
1.2% cholesterol (WD; Envigo TD.96121 or Research Diets
D12018C) plus NLRP3 inhibitor (NP3-361 180 mg/kg chow;
Novartis) for a minimum of 5 weeks.

In Vivo Electrophysiology Studies

Electrophysiology studies were performed using established
protocols.'”~'® An octapolar catheter (EPR-800, Millar) was posi-
tioned in the right atrium and ventricle, with position ascertained
by continuous monitoring of the intracardiac electrograms. Sinus
node function was determined by measuring the sinus node
recovery time after 30 s of pacing at 2 cycle lengths (100 and
80 ms). Wenckebach cycle length was determined with progres-
sively faster atrial pacing rates. Atrial, ventricular, and atrioventric-
ular nodal refractory periods were measured using programmed
electrical stimulation with overdrive pacing trains at 100 ms fol-
lowed by single extra stimuli. Provocative testing for arrhythmia
induction was performed with rapid burst pacing at gradually
faster rates (starting at 50 ms) to a pacing cycle length of 20
ms and lasting 3 and 6 s. AF was defined as a rapid atrial rhythm
with atrial rate greater than ventricular rate and irregular ventricu-
lar response (R-R intervals). Each mouse received 36 provoca-
tive stimuli with burst pacing. The duration of AF was measured
from the end of the pacing train to the end of the rapid atrial
activity. Mice were considered to have AF if they had >1 epi-
sode of AF for >250 ms in duration. To measure percentage of
AF inducibility, a higher threshold of 1 s was used, and the total
number of AF episodes lasting >1 s for each mouse was divided
by the total number of provocative maneuvers.

Optical Mapping
Isolation and perfusion of the heart were performed as pre-
viously described.'"”® Excised and cannulated hearts were
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perfused with a modified Tyrode solution containing 1.3 mM
CaCl,, using a Langendorff perfusion setup. Blebbistatin (10
mM, Tocris Bioscience) was used to arrest cardiac motion.
Hearts were stained for 30 minutes with a voltage-sensitive
dye (di-4-ANEPPs, 2 mmol/L in DMSO, Invitrogen). Custom-
made epicardial platinum electrodes and a Medtronic stimula-
tor were used to pace the heart at 60- to 120-ms cycle lengths
at twice the capture threshold (4-ms square wave stimuli). A
halogen light source (X-Cite 150 W, filtered at 520+45 nm)
was used to excite fluorescence. Emissions >610 nm were
collected and focused onto an 80x80 charge-coupled device
camera (RedShirt Imaging SMQ Camera, Macroscope |IA)
using a 50-mm original magnification x2.7 lens (numerical
aperture 0.4). Data sampling was performed at 2000 frames/s
with a filter setting of 1 kHz. A specifically designed MATLAB
program was used to perform data analysis to generate con-
duction velocities and action potential duration (APD) at 50%,
70%, and 90% repolarization.

Calcium Imaging

Isolated atrial cardiomyocytes were loaded with calcium
indicator Fluo-8 AM (4.4 pmol/L, Invitrogen F1241) for 10
minutes followed by a 30-minute washout, or Fluo-4 AM non-
wash dye (2.5 ymol/L, Invitrogen F36206) for 30 minutes in
Tyrode's solution in the presence of 0.02% Pluronic F-127 at
room temperature, before imaging. Pacing at 1 Hz was used,
and 10 mmol/L caffeine was applied to assess sarcoplasmic
reticulum (SR) calcium load. Spontaneous calcium release
frequency in diastole was calculated using Fluo-3 AM fluo-
rescence, obtained with a fluorescein isothiocyanate filter set
(excitation, HQ480; mirror, Q505LP; emission, HQ535/50
m; Chroma) and an X-Cite Exacte mercury arc lamp (Luman
Dynamics). Fluorescent images were recorded with a Nikon
Eclipse Ti-U inverted microscope (Nikon Instruments Inc), a
NeuroCCDSM camera, and Neuroplex software (RedShirt
Imaging). Calcium transients were analyzed with Neuroplex
and Clampfit 9.2 (Molecular Devices Inc). High-throughput
optical fluorescent time series images of Fluo-4 NW fluores-
cence were acquired at 100 Hz using the IC200 KIC instru-
ment and image analysis with the CyteSeer (Vala Sciences) as
previously described.?!

Data and Statistical Analyses

GraphPad Prism software v9.3.1 was used for statistical anal-
yses. Statistical significance was assessed by the Student
t test (unpaired, 2-tailed) for 2-group, normally distributed
data. AF inducibility was assessed by the Fisher exact test
or 2 test if there were 3 groups. Linear regression was used
to assess APD dependence on clonal expansion. Calcium
studies of isolated murine cardiomyocytes used linear mixed
models, with genotype set as fixed experiment effects and
mouse genotype blocked to account for random effects.
For multigroup analysis, 1-way ANOVA with Tukey multiple
comparisons was used. UK Biobank cohort data were ana-
lyzed using Cox proportion hazard models adjusted for age,
age?, sex, smoking history, genetic ancestry, body mass index,
type 2 diabetes, hypertension, CAD, and LDL, as previously
described.’™ P values <0.05 were considered significant.
All figure plots show mean with error bars reflecting SEM,
unless otherwise stated.
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RESULTS
CHIP Is Associated With Risk of AF

To determine the relationship between CHIP and AF, we
analyzed whole-exome sequencing data and health data
from the UK Biobank (n=358097), a prospective cohort
with genetic, demographic, and health-related data. Indi-
viduals with prevalent AF, valvular heart disease (mitral
stenosis, mitral valve repair, replacement, or valvotomy),
HF or prevalent hematological malignancy before DNA
collection were excluded (Table S1). In total, CHIP with
VAF >0.02 was identified in 12584 individuals, and the
most commonly mutated CHIP driver genes were DN-
MT3A, TET2 and additional sex combs-like 1 (ASXLT;
Figure S1).17881522=24 |n Cox proportion hazard models ad-
justed for age, age?, sex, smoking history, genetic ances-
try, body mass index, type 2 diabetes, hypertension, CAD,
and LDL,™ the presence of CHIP significantly associ-
ated with incident AF (hazard ratio [HR], 1.113 [95% Cl|,
1.044-1.187]; P=0.001; Figure 1A and 1B). Individuals
with expanded CHIP clones (VAF >0.1) have a greater
risk of developing malignant and nonmalignant manifes-
tations, including CVD.'3%5 In this analysis, individuals
with expanded CHIP clones had a higher incidence of
AF compared with individuals without CHIP (HR, 1.132
[95% CI, 1.049-1.222]; P=0.00142; Figure 1A and 1B).
In comparison, smaller CHIP clones (VAF <0.1) did not
associate significantly with incident AF (HR, 1.07 [95%
Cl,0.96-1.2]; P=0.22; Figure 1A and 1B). Gene-specific
analysis showed variable risk of AF. Although TET2 mu-
tations with a VAF >0.1 showed the strongest associa-
tion with incident AF compared with those without CHIP
(HR, 1.27 [95% CI, 1.077-1.498]; P=0.0044), DN-
MT3A or ASXL 1 mutations at the same VAF did not as-
sociate significantly (HR, 1.02 [95% ClI, 0.914-1.139];
P=0.718; HR, 1.176 [95% CI, 0.972-1.422]; P=0.096,
respectively; Figure 1C).

Previous studies have associated HF with AF as well
as CHIP5262" To investigate whether the relationship
between CHIP and AF depends on HF, we performed a
secondary analysis restricted to individuals with incident
HF diagnosis censored at the time of HF diagnosis. We
found that the expanded CHIP clones and expanded large
TET2 clones were associated with increased incident AF
(CHIP: HR, 1.108 [95% CI, 1.038-1.182]; P=0.00213;
CHIP VAF >0.1: HR, 1.119 [95% CI, 1.034-1.209];
P=0.005; TET2: HR, 1.266 [95% ClI, 1.07-1.497];
P=0.00591) compared with DNMT3A or ASXL1 muta-
tions, which showed no significant associations (HR,
0.995 [95% Cl, 0.888-1.114]; P=0.931; and HR, 1.177
[95% CI, 0.97-1.429]; P=0.099, respectively; Figure
S2A through S2C). These results indicate that individuals
with CHIP driven by larger VAF clones, and particularly
those with TET2 mutations, have an increased risk of AF
independent of HF and further support the finding that
AF risk varies among specific CHIP mutations.
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Figure 1. TET2 CHIP is associated with increased risk of incident AF in UK Biobank.

A total of 358 097 individuals from the UK Biobank with available whole-exome sequencing were identified. Prevalent hematological
malignancies, valvular heart disease, HF, and prevalent AF were excluded. Cox proportion hazard models adjusted for age, age? sex, ever-
smoked status, genetic ancestry (European/non-European), BMI, prevalent type 2 diabetes (T2D), prevalent hypertension, prevalent coronary
artery disease (CAD), LDL (adjusted for statin use), as previously described.'® Individuals with AF, T2D, hypertension, CAD, HF, valvular disease,
and hematological malignancies were identified on the basis of International Classification of Diseases, Ninth and 10th Revisions, codes. A and

B, Increased cumulative incidence of AF in individuals with CHIP >0.1, with HR 1.132 (95% ClI, 1.049-1.222; P=0.00142). C, Increased
cumulative incidence of AF in patients with TET2 CHIP >0.1 with HR 1.27 (95% CI, 1.077-1.498; £=0.00442). AF indicates atrial fibrillation;
ASXL1, additional sex combs-like 1; BMI, body mass index; CHIP, clonal hematopoiesis of indeterminate potential; DNMT3A, DNA (cytosine-5)-
methyltransferase 3A; HF heart failure; HR, hazard ratio; LDL, low-density lipoprotein; TET2, tet methylcystosine dioxygenase 2; and VAF, variant

allele frequency.

Hematopoietic-Specific Loss of Tet2 Promotes
AF in Atherosclerosis-Prone Mice

To assess the causality of the impact of CHIP on AF in
carefully controlled murine experiments, we generated
mice with hematopoietic-specific loss of the common
CHIP gene, Tet2. Because mice do not typically develop
spontaneous AF, elicitation requires electrical stimula-
tion and alterations such as obesity or atherosclerosis-
promoting diets.'™%%-%0 As an initial step, we examined
the effect of Tet2 inactivation in hematopoietic cells in
atherosclerosis-prone Ldlr”= recipient mice®* Lethally
irradiated Ldlr’~ (CD45.1) mice were transplanted with

Circulation. 2024;149:1419-1434. DOI: 10.1161/CIRCULATIONAHA.123.065597

bone marrow with hematopoietic-specific inactivation of
Tet2 (Tet2"~ Vavi1-Cret CD45.2, or Tet2 knockout [ Tet-
2KO)) or WT (Vav1-Cret CD45.2 or WT) control. Four
weeks after transplantation, mice were fed WD for an
additional 6 to 9 weeks® (Figure 2A). Flow cytometry re-
vealed that donor (CD45.2) cells repopulated recipient
CD45.1 resident immune cells, including macrophages,
accounting for >90% of cardiac immune cells in trans-
planted mice (Table S2). To assess for structural remod-
eling, we performed cardiac magnetic resonance imaging
in the mice and did not find any significant differences
in anatomical chamber volumes or ventricular func-
tion (Figure S3A). Histology was performed to assess
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Figure 2. Hematopoietic-specific inactivation of Tet2 augments AF inducibility in LdIr’— mice.

A Lethally irradiated Ldlr~~ mice transplanted with bone marrow with hematopoietic-specific inactivation of Tet2 (Tet2KO) or WT controls and fed
Western diet (WD) for 6 to 9 weeks. B, Representative tracing of pacing-induced AF, showing surface ECG, right atrial (RA) and right ventricle
(RV) intracardiac electrograms. €, Hematopoieticspecific inactivation of Tet2 resulted in an increased number of mice inducible for AF (number
of mice with AF/total mice in the group). D, Increased AF inducibility was seen in Tet2KO mice. Percentage reflects ratio of total number of
provoked AF episodes to total programmed electrical provocations. E, Atrial effective refractory period (AERP) measured at a drivetrain of 100
ms, demonstrating shortening in Tet2KO recipients. F, Optically derived right atrial action potential duration at 90% repolarization (RA APD9O0).
Representative optical action potential tracing to right. G, Relative atrial protein expression of NIrp3, with representative blots below, showing
>3-fold increase in NIrp3 expression. Western blot quantification relative to vinculin loading control and then normalized. Statistical testing: Fisher
exact test for € and D; 2-tailed Student ttest for E through G. Mean (SD) shown for E and F. AF indicates atrial fibrillation; A.U,, arbitrary units;
KO, knockout; LDLR, low-density lipoprotein receptor; Nirp3, NLR (NACHT, LRR [leucine rich repeat]) family pyrin domain containing protein 3;

TET2, tet methylcystosine dioxygenase 2; and WT, wild-type.

interstitial fibrosis using Masson's Trichrome staining,
and again, there were no significant differences between
donor genotypes (Figure S3B).

Surface ECG of mice showed no differences in typi-
cal parameters, including heart rate, PR interval, and QRS
duration, between Ldlr”’~ mice with hematopoietic-specific

1424 April 30, 2024

inactivation of Tet2 versus WT control (Table S3). We then
performed in vivo invasive electrophysiology studies to
assay sinus node function, atrioventricular node function, tis-
sue characteristics, and arrhythmia inducibility, as previously
described.!820 There were no differences in sinus node
recovery time, atrioventricular Wenckebach cycle length,

Circulation. 2024;149:1419-1434. DOI: 10.1161/CIRCULATIONAHA.123.065597


https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.123.065597
https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.123.065597

202 ‘gz Re|N uo Aq Bio'seulnofeye//:dny wouy papeojumoq

Linetal

atrioventricular 2:1 cycle length, atrioventricular nodal
effective refractory period, or ventricular effective refrac-
tory period regardless of donor bone marrow (Table S3).
However, compared with WT controls, there was a 2-fold
increase in the percentage of mice with any AF among
those with hematopoietic-specific inactivation of Tet2 as
well as a significant increase in AF inducibility (Figure 2A
through 2D). There was also a shortening of the atrial effec-
tive refractory period (AERP; 29.8+9.3 ms for Tet2KO ver-
sus 17945.2 ms for WT; A=0.034), which can contribute
to increased electrical excitability and susceptibility for re-
entry, enhancing arrhythmogenesis and AF (Figure 2E)3'32
We next performed ex vivo optical mapping to determine
the action potential characteristics and conduction propa-
gation."™° In keeping with the in vivo changes in AERP, the
right atrial action potential duration (RA APD) was abbrevi-
ated in Ldlr’~ mice with hematopoietic-specific inactivation
of Tet2 fed WD (23.31£3.40 ms) compared with WT con-
trols (20+2.89 ms; P=0.034; Figure 2F). Finally, we dem-
onstrated a significant, >3-fold increase in atrial expression
of NIrp3 in TetZ-deficient marrow recipients, suggesting
“priming” of the inflammasome (Figure 2G).

Specific mutated genes carry variable risk for CVD and
other disorders in CHIP3232% Mutations in DMNT3A were
the most commonly identified CHIP mutation. We thus per-
formed similar studies in Ldlr”~ mice with hematopoietic-
specific inactivation of Dnmt3a (Dnmt3a"~ Vavi-Cre*
CD45.9, or Dnmt3aK0), fed WD for 6 to 9 weeks. In
keeping with genotype-specific associations in human
studies from the UK Biobank, only a minority of mice
were inducible for AR and mice with hematopoietic-
specific inactivation of Dnmt3aKO did not have elevated
AF inducibility (Figure S4A through S4C). These findings
further support that increased AF inducibility is associ-
ated with hematopoietic loss of TetZ, and not the com-
monly mutated gene, Dnmt3a.

Mutant clone size, as assessed by VAF, is associated
with greater risk of atherosclerotic disease, HF, and other
inflammatory disorders.35222633-35 To assess the effect
of hematopoietic-specific inactivation of TetZ? chime-
rism and clonal expansion, we generated chimeric mice
by transplanting bone marrow consisting of 10% WT
(CD45.2) and 90% WT (CD45.1) or 10% hematopoietic-
specific inactivation of Tet?2 (CD45.2) and 90% WT
(CD45.1) into lethally irradiated Ldlr’~ (CD45.1) recipi-
ents and fed WD for 6 to 9 weeks (Figure S5A). Chimeric
Ldlr’= mice with 10% hematopoietic-specific inactiva-
tion of Tet2 (CD45.2) and 90% WT (CD45.1) showed
greater Tet2 clonal expansion compared with WT con-
trols (36.7£11.34% and 11.4£769%, respectively;
P<0.0001; Figure S5B). Overall, we observed no differ-
ence in AF inducibility or AERP between the chimeric
Ldlr’= mice, likely related to the heterogeneity of Tet2-
deficient hematopoietic clonal expansion and require-
ments for an inducible model of AF in mice (Figure S5C
and SbD). Expansion of Tet-deficient hematopoietic cells

Circulation. 2024;149:1419-1434. DOI: 10.1161/CIRCULATIONAHA.123.065597

Tet2 CHIP Enhances AF Risk by Nirp3 Activation

inversely correlated with significant shortening of the RA
APD (Figure SBE), mimicking the association between
VAF and incident AF observed in human cohort stud-
ies and consistent with AF susceptibility with abbreviated
AERP and APD.®3'%637 Thjs s also consistent with murine
models requiring significant alterations to elicit AF, and
more pronounced phenotypes in mouse models of CHIP
with loss of Tet2in hematopoietic lineages.392831:38

Tet2-Enhanced AF Requires Inflammasome
Activation

Tet2-deficient hematopoietic cells have increased levels
of proinflammatory cytokines such as IL-1f and IL-6,
and humans with TET2-mutant CHIP have elevated lev-
els of IL-13.34539 |n mice, NIrp3 inhibition, which results
in decreased activation of IL-1p, attenuates hemato-
poietic Tet2KO-driven atherosclerosis, HF, liver fibrosis,
and gout.*?734% As noted, lethally irradiated Ldlr”’= mice
with hematopoietic-specific inactivation of Tet2 showed
markedly higher atrial NIrp3 expression compared with
WT controls (Figure 2G). We noted a similar trend in
other inflammasome complex components: apoptosis-
associated speck-like protein containing a CARD (cas-
pase recruitment domain; ASC), pro—caspase-1, and
cleaved caspase-1/p20 (Figure S6A). Increased atrial
NiIrp3 inflammasome activation has been shown to pro-
mote electrical remodeling and increase AF suscepti-
bility in mice.®® To examine the necessity of the Nirp3
inflammasome in atrial arrhythmogenesis in our model,
we generated models of Nirp3 inactivation through ge-
netic ablation and pharmacological inhibition.

To determine the role of inflammasome activation in
recipient cardiomyocytes, we assessed genetic inactiva-
tion of NIrp3in our model. Recipient Ldlr”= Nirp3~~ mice
were lethally irradiated and reconstituted with bone mar-
row with hematopoietic-specific inactivation of Tet2 or
WT control and fed WD for 6 to 9 weeks (Figure 3A). In
contrast with the recipient Ldlr~~ mice, recipient Ldlr'~
Nirp3~~ mice were protected from Tet2KO-mediated
differences in AERP, APD, or AF propensity (Figure 3B
through 3E). These results demonstrate the neces-
sity of recipient Nrlp3 in AF inducibility because of
hematopoietic-specific inactivation of Tet2in Ldlr’= mice.

Several small molecules, including MCC950, have
been shown to effectively inhibit NLRP3.“° We exam-
ined the effect of Nirp3 inhibition in Ldlr’~ mice with
hematopoietic-specific inactivation of Tet2 using a potent
and optimized small molecule antagonist of NLRP3, NP3-
361, dosed in WD chow. NP3-361 binds to the NACHT
domain of the NLRP3 protein and locks it in an inactive
conformation, thereby preventing NLRP3 inflammasome
activation in a manner analogous to other described
NLRP3 inhibitors such as MCC950/cytokine release
inhibitory drug (CRID) 3*' (Figure S7A and S7B). In
pharmacokinetic analyses, we demonstrated similar drug
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Figure 3. NLRP3 inflammasome activation is required for enhanced AF inducibility stemming from hematopoietic-specific Tet2
deficiency.

A Lethally irradiated Ldlr’= Nirpp3~~ mice were transplanted with bone marrow with hematopoietic-specific inactivation of Tet2 (Tet2KO) or WT
controls and then fed WD for a total of 6 to 9 weeks. B, Hematopoietic-specific Tet2 inactivation did not affect number of mice with AF (number
of mice with AF/total mice in the group) or €, AF inducibility in Ldlr’= Nirp37~ mice. D, NLRP3 deficiency abrogated Tet2KO-related shortening
in AERP as well as E, RA APD90. Representative tracing (right). F, Lethally irradiated Ldlr”~ mice were transplanted with bone marrow with
hematopoietic-specific inactivation of Tet2 (Tet2KO) or WT controls and then fed WD with an incorporated NLRP3 inhibitor, NP3-361, for a total
of 6 to 9 weeks. G, Hematopoietic-specific Tet2 deficiency did not increase number of mice with AF, nor H, AF inducibility in Ldlr’~ mice treated
with NP3-361. 1, NP3-361 treatment abrogated Tet2KO-related shortening in AERP as well as J, RA APD90. Representative tracing (right).
Statistical testing: Fisher exact test for B, C, G, and H; 2-tailed Student ttest and mean (SD) shown for D, E, I, and J. AERP indicates atrial
effective refractory period; AF, atrial fibrillation; KO, knockout; LDLR, low-density lipoprotein receptor; NLRP3, NLR (NACHT, LRR [leucine rich
repeat]) family pyrin domain containing protein 3; RA APD9O, right atrial action potential duration at 90% repolarization; TET2, tet methylcystosine
dioxygenase 2; and WD, Western diet; and WT, wild-type.
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levels during WD feeding regardless of mouse recipient
or donor genetic status (Figure S7C through S7F). The
exposure levels were well above the mouse whole blood
IC,, of LPS (lipopolysaccharide)/ATP-mediated IL-1(
secretion of 261 nM, sufficient to block inflammasome
activity (Figure S7B). AF occurred in the minority of mice
treated with the antagonist, with reduced AF inducibility,
comparable to the recipient Ldlr”= Nirp3~~ model. Treat-
ment of lethally irradiated Ldlr”= mice with NP3-361
prevented the TetZKO-mediated augmentation in AF
susceptibility (Figure 3F through 3H). as well as associ-
ated shortening in RA APD and AERP (Figure 3l and 3J).

We next assessed the role of donor or hematopoi-
etic NIrp3 activity on the susceptibility to AR Lethally
irradiated Ldlr’= mice reconstituted with hematopoietic-
specific inactivation of both Tet2 and Nrip3 (Tet2"
Vavi-Cret CD45.2, N3~ or double knockout) or
Nip3~~ alone were fed WD or WD with NP3-361 for 6
to 9 weeks (Figure S8A). There were similar rates of AF
and AF inducibility between mice receiving Nirp3~~ and
double knockout bone marrow, without significant differ-
ences in AERP or RA APD (Figure S8B through S8E).
However, treating double knockout mice with NP3-361
significantly reduced AF inducibility (Figure S8C). Over-
all, these studies underscore the necessity of recipient
Nrlp3 activation in AF propensity, whereas the role of
donor Nrlp3 warrants additional investigation.

Prolonged Exposure to Hematopoietic-
Specific Inactivation of Tet2 Promotes AF in
Nonatherogenic Mice

To account for any confounding from the atherogenic Ldlr~"~
model used thus far, we attempted to determine whether
similar findings could be ascertained in a nonatherogen-
ic mouse model. Ldlr WT (CD45.1) mice were lethally
iradiated and transplanted with bone marrow from
hematopoietic-specific inactivation of Tet2 (Tet2KO) or WT
controls. As with the Ldlr’= model, Ldlr WT mice were fed
WD (Figure 4A). After 6 to 9 weeks of WD, there was no dif-
ference in AF inducibility between the 2 groups (Figure 4B),
RA APD (Figure 4C), or atrial inflammasome protein
expression (Figure S6B). Perhaps underlying this apparent
discrepancy, Ldlir WT mice with hematopoietic Tet2 defi-
ciency at this age expressed significantly less atrial Nirp3
protein than their Ldlr’~ age-matched counterparts (Fig-
ure S6C). We noted increased AF susceptibility in Ldlir WT
mice with hematopoietic Tet2 deficiency emerged after
>40 weeks of WD (Figure 4D). As with the Ldlr”’~ mice,
increased AF inducibility was associated with shortening of
the APD (Figure 4E). These data suggest a much slower
effect of hematopoietic-specific inactivation of Tet2in Ldlr
WT mice. However, this phenotype was again dependent
on Nirp3 activation, because genetic deficiency of Nirp3
prevented the AF inducibility caused by hematopoietic loss
of Tet2(Figure 4F through 4H). Given the timeline required
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to generate the AF phenotype in Ldlir WT mice, we used the
Ldlr"= mice for further downstream mechanistic analyses.

Mice With Loss of Tet2 in Hematopoietic
Lineages Have Altered Cardiomyocyte Function

Cytosolic calcium is regulated by CaMKIl (Ca?*/calmodulin-
dependent protein kinase Il) and its phosphorylation of
SR ryanodine receptor2 (RyR2) channels and SERCA2a
(sarcoplasmic/endoplasmic  reticulum Ca2+* ATPase
04a).364274 Alterations in SR calcium handling can promote
AF*-%6 and existing literature links inflammation and cyto-
kines such as IL-1f with NLRP3 and CaMKII-dependent
RyR2 phosphorylation, resulting in enhanced spontaneous
calcium release events or even inducible AFR¥247 Given
its central role in calcium handling, we were intrigued to
find an upregulated expression of the phosphorylated, and
hence, activated form of CaMKI| in atrial tissue isolated
from both Ldlr WT and Ldlr”= mice with hematopoietic-
specific inactivation of Tet2 (Figure A through 5C).

We next explored the effects of hematopoietic-specific
inactivation of Tet2 on atrial cardiomyocyte calcium han-
dling in our mouse model. Atrial cardiomyocytes isolated
from lethally irradiated Ldlr”= mice with hematopoietic-
specific inactivation of Tet2 or WT controls were incu-
bated with a fluorescent calcium sensitive indicator, Fluo-3
AM, to visualize and quantitatively characterize calcium
transients (Figure 5D), as previously described.*®4° Atrial
cardiomyocytes from mice with hematopoietic-specific
inactivation of Tet2had dysfunctional intracellular calcium
handling resulting in a trend (P=0.055) toward a pro-
longed transient time to peak, and an increased frequency
of spontaneous calcium release events after removal of
depolarizing stimuli (Figure 5E through 5G). Release of
calcium from the SR is predominantly mediated by RyR2;
thus, SR calcium stores can provide an approximation of
RyR2 activity. Caffeine stimulation was used to induce
total calcium release and measure total SR calcium con-
tent. In the presence of 10 mM caffeine, cardiomyocytes
isolated from Ldlr’= mice with hematopoietic-specific
inactivation of Tet2 showed a decrease in the SR calcium
release compared with WT counterparts (Figure 5H).
These results indicate that hematopoietic-specific loss of
Tet2 may affect cardiomyocyte RyR2 activity resulting in
abnormal calcium release from the SR into the cytosol.*9%°

Previous studies have demonstrated the importance
of cardiac macrophages affecting electrical conduction
by facilitating AF in mice via cell-cell communication and
possibly paracrine effects in cardiac conduction and AF
susceptibility 91820293051 We tested whether Tet2-deficient
macrophages can alter cardiomyocyte function and cal-
cium signaling. In an in vitro model, human pluripotent stem
cell atrial cardiomyocytes coincubated with Tet2KO bone
marrow—derived macrophages showed decreased total
SR calcium release amplitude in the presence of caffeine,
decreased calcium transient amplitude, and increased
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A, Lethally irradiated Ldir WT (CD45.1) mice were transplanted with bone marrow with hematopoietic-specific inactivation of Tet2 (Tet2KO)

or WT controls and fed WD. B, Hematopoietic-specific Tet2 inactivation did not increase number of mice with AF (left; number of mice with
AF/total mice in the group)or AF inducibility (right) in Ldlr WT mice. C, Hematopoietic-specific Tet2 deficiency did not affect RA APD9O in

LdIr WT recipient mice after 6 to 9 weeks of WD. Representative tracing to the left. D, After feeding WD >40 weeks, AF was provoked in all
hematopoietic-specific inactivated Tet2 (Tet2<0) bone marrow recipients but none of the WT bone marrow recipients (left; number of mice with
AF/total mice in the group), and there was a marked difference in AF inducibility (right). E, Tet2KO bone marrow recipients had a shorter RA
APD90 compared with WT counterparts. Representative tracing to the left. F, Lethally irradiated Ldlir WT mice or Nirp3~~ mice were transplanted
with bone marrow with hematopoietic-specific inactivation of Tet2 (Tet2KO) or WT controls and then fed WD >40 weeks. G, There were no
significant differences in number of mice with AF (number of mice with AF/total mice in the group); however, H, there was a significant difference
in AF inducibility among the 3 groups. Statistical testing: Fisher exact test for B and D; 2-tailed Student ¢ test and mean (SD) for € and E; °

test for G and H. AF indicates atrial fibrillation; KO, knockout; LDLR, low-density lipoprotein receptor; NLRP3, NLR (NACHT, LRR [leucine rich
repeat]) family pyrin domain containing protein 3; RA APD9O0, right atrial action potential duration at 90% repolarization; TET2, tet methylcystosine
dioxygenase 2; WD, Western diet; and WT, wild-type.
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Figure 5. Hematopoietic-specific inactivation of Tet2 leads to altered cardiomyocyte sarcoplasmic reticulum calcium release.
A Lethally irradiated Ldlr WT or Ldlr~= mice were transplanted with bone marrow with hematopoietic-specific inactivation of Tet2 (Tet2K0) or
WT controls and fed WD. B, Western blotting was performed to determine protein expression of phosphorylated calmodulin kinase Il (CaMKII) in
atrial tissue of Ldlir WT and C, Ldlr’~ recipient mice. D, Lethally irradiated Ldlr~~ mice transplanted with bone marrow with hematopoietic-specific
inactivation of Tet2 (Tet2KO) or WT controls were fed WD for 6 to 9 weeks. Atrial cardiomyocytes (aCM) were isolated and calcium studies
performed using the calcium-sensitive dye Fluo-3 AM. E, Removal of pacing stimuli leads to spontaneous calcium release into cytosol (¥). F,
Spontaneous calcium release events measured per second (data obtained from 2 mice per groups, n=12 events for WT and n=24 events for
Tet2KO). G, Increased calcium transient amplitude measured during pacing (data obtained from 2 mice per groups, n=14 cells for WT and n=27
cells for Tet2KO). H, Removal of pacing stimuli and the addition of 10 mM caffeine leads to SR calcium emptying into the cytosol. Tracing to
left, and quantification to right, showing reduced SR calcium release in Tet2KO aCMs (data obtained from 2 mice per group, n=4 cells for WT
and n=6 cells for Tet2KO). AF/FO is the change in fluorescence over baseline. Hz indicates the external pacing frequency stimuli. All Western
blot quantification relative to loading control (vinculin) and then normalized. A.U.,, arbitrary units. Statistical tests: 2-tailed Student ¢ test for all
comparisons; linear mixed model for F through H. aCM indicates atrial cardiomyocte; KO, knockout; LDLR, low-density lipoprotein receptor; SR,
sarcoplasmic reticulum; TET2, tet methylcystosine dioxygenase 2; WD, Western diet; and WT, wild-type.

calcium transient time to peak when compared with human ~ our studies in isolated atrial murine cardiomyocytes (Fig-

pluripotent stem cell atrial cardiomyocytes incubated with ure 6A through 6E). We postulated that in these mice,
WT bone marrow—derived macrophages, consistent with  chronic inflammation and increased release of cytokines
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Figure 6. Incubation with of Tet2-deficient bone marrow-derived macrophages alters cardiomyocyte calcium handling.

A, Human pluripotent stem cells differentiated to atrial cardiomyocytes (hPSC-aCM) were coincubated with Tet2-deficient (Tet2<0) bone
marrow—derived macrophages (BMDM) or cytokines, IL-1f and IL-6. Calcium studies were performed using the calcium sensitive dye Fluo-3
AM. B, After 1 minute pacing at 1 Hz, fast perfusion of 10 mM caffeine leads to calcium emptying into the cytosol from SR. C, Tet2KO BMDM-
treated hPSC-aCM showed reduced total SR Ca2* release. AF/FO is the change in fluorescence intensity over baseline. D, 1 Hz paced calcium
transient amplitude (measured with Fluo-3 AM) is reduced in the hPSC-aCM incubated with Tet2KO BMDM compared with WT BMDM, with
E, an increase in calcium transient time to peak (TTP). F, hPSC-aCM cardiomyocytes stimulated in culture with cytokines IL-1f 10 ng/mL or
IL-6 10 ng/mL showed decreased SR calcium release (measured with Fluo-4 NW). Statistical tests: 2-tailed Student ¢ test for € through E;
1-way ANOVA with Tukey multiple comparisons for F. IL-1f indicates interleukin 16; IL-6, interleukin 6; SR, sarcoplasmic reticulum; TET2, tet

methylcystosine dioxygenase 2; and WT, wild-type.

such as IL-1p and IL-6 from macrophages may alter SR
calcium release. Increased circulating proinflammatory
cytokines, including IL-1, correlate with AF progression
in humans, promote arrhythmias in mice, and specifically
depress cardiomyocyte function and cytosolic calcium
release from the SR%* We found that human pluripo-
tent stem cell atrial cardiomyocytes stimulated with either
human IL-1B or IL-6 had decreased calcium transient
amplitude compared with untreated human pluripotent
stem cell atrial cardiomyocytes (Figure 6F). These find-
ings suggest that cytokines IL-13 and IL-6, known to be
released from TetZ-deficient macrophages, may contribute
to the dysfunctional calcium handling in our CHIP model.

DISCUSSION

CHIP independently increases the risk of incident ath-
erosclerosis and CAD, but the role of CHIP in arrhyth-
mias, particularly AF, has remained less defined. Our

1430 April 30, 2024

findings indicate that individuals with CHIP, specifically
those with large VAF TET2 mutations, have an increased
risk for incident AF. In both Ldlr WT and Ldlr’"= mice fed
a WD, hematopoietic-specific inactivation of Tet2 led
to increased AF inducibility. Mechanistically, our studies
demonstrate the necessity of recipient Nlpr3 activity in
AF propensity, through electrical, rather than structural,
remodeling.

We found an association between CHIP and AF in the
UK Biobank population, consistent with previous find-
ings, and demonstrated that the risk of AF is dependent
on the CHIP genotype®® Individuals with mutations of
TET2 had augmented risk of developing AF relative to
those with DNMTS3A or CHIP mutations with smaller VAF
size clones, recapitulated in our murine models. Grow-
ing evidence suggests chronic low-grade inflammation
associated with aging contributes substantially to age-
related disorders, including CVD and AF567%8 It is notable
that mice and humans with TET2-mutant CHIP have

Circulation. 2024;149:1419-1434. DOI: 10.1161/CIRCULATIONAHA.123.065597



202 ‘gz Re|N uo Aq Bio'seulnofeye//:dny wouy papeojumoq

Linetal

elevated IL-6 and IL-18, which are key effectors of CHIP-
mediated atherosclerosis and CVD.319225° Previous stud-
ies highlight the importance of cardiomyocyte NLPR3
inflammasome activation and IL-1f3 in the pathogenesis
of AF and atherosclerotic burden.*®%052-5% We found
that heightened susceptibility to AF in our mouse model
depends on the Nirp3 inflammasome, whose expression
is markedly increased by hematopoietic-specific Tet2
deficiency. In support of this finding, recipient Nirp3 defi-
ciency abrogated the hematopoietic-specific Tet2 defi-
ciency—driven arrhythmogenesis in both atherogenic and
nonatherogenic mouse models. We noted similar results
in a study of NP3-361, a small-molecule NLRP3 inhibi-
tor analogous to MCC950. However, because of its nov-
elty, there is limited literature about this compound, and
further work will be required before it can be considered
for a translational role.

Our findings indicate that dysregulated cardiomyo-
cyte calcium handling contributes mechanistically to
the link between hematopoietic Tet2 deficiency and AR
Hematopoietic-specific Tet? deficiency resulted in
increased atrial expression of phosphorylated CaMKiI|,
a central regulator of SR calcium flux. Atrial cardiomy-
ocytes isolated from Ldlr’= mice with hematopoietic-
specific inactivation of Tet2 have abnormal calcium
release from SR into the cytosol, demonstrating a role
for a cell nonautonomous alteration in these cardio-
myocytes. In vitro studies showed that Tet2-deficient
macrophages coincubated with atrial cardiomyocytes
can promote similar cardiomyocyte dysfunction, and
this phenotype was also observed with the addition of
IL-1p and IL-6 to atrial cardiomyocytes. Increased Nirp3
inflammasome activation in cardiomyocytes is known to
promote aberrant SR calcium release, promote electri-
cal remodeling leading to shortening of atrial APD, and
increase susceptibility for AF in mouse models.8%% |t is
evident that further investigation is required to determine
the molecular mechanisms that connect Nirp3 activation,
CaMKIl, and SR calcium release, and how loss of Tet2in
macrophages contributes to these alterations.

Although there is a growing burden of evidence about
the role of inflammation in CVD, it has yet to affect main-
stream clinical care. Colchicine, which may have some
NLRP3 and IL-1p inhibitory effects, has shown efficacy
in secondary prevention of cardiovascular events.®> More-
over, the role of IL-6 in CVD is being explored in ongoing
trials of anti—IL-6 in patients with CAD and chronic kid-
ney disease' In the CANTOS trial (Canakinumab Anti-
Inflammatory Thrombosis Outcomes Study), patients
with known CAD and above median hsCRP (high-
sensitivity C-reactive protein) had decreased major
adverse cardiac events and HF hospitalizations when
treated with the neutralizing monoclonal anti—-IL-1f
canakinumab. Further post hoc analysis showed that indi-
viduals harboring TET2 CHIP mutations derived enhanced
benefit on canakinumab treatment compared with those
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without CHIP®? These data warrant further investigation,
because they suggest a role for targeted therapies on the
basis of the identification of somatic mutations.

Contemporary strategies for the treatment of AF
focus on symptom reduction through either rate or
rhythm control strategies that aim to restore/maintain
sinus rhythm. Currently available pharmacological ther-
apies primarily act through modulation of ion channels
and impart modest efficacy.?® There is growing evidence
linking inflammation and AF, and targeting aberrant
inflammation may provide a novel mechanistic approach
to addressing contributing pathways in AF. Studies have
shown resident cardiac macrophages can regulate car-
diomyocyte function and modulate atrioventricular node
conduction,'® IL-1f can affect electrical conduction and
cardiomyocyte contractile function,®* and recruited and
inflammatory cardiac macrophages can promote AR
Despite these findings, the use of anti-inflammatory
agents in the prevention of recurrent AF in a postop-
erative or postprocedural event, including corticosteroids,
anti—-IL-1p, omega-3 fatty acids, and colchicine, have
yielded mixed results.®*%" Similar to the CANTOS trial
and subanalysis of individuals with CHIPF, the presence
of TETZ-mutated CHIP could identify a more responsive
patient population for the treatment of AF with specific
NLRP3 inhibitors and the presence of TETZ CHIP muta-
tions as a biomarker. Recent studies identified carriers of
hematopoietic somatic mosaicism to be at greater risk
for postoperative AF than those without these mutations,
providing further support.®®

Our understanding of the mechanistic basis of AF
derives largely through the lens of the cardiomyocyte,
which is critical to impulse propagation and myocardial
contraction.®® However, the heart is composed of many
noncardiomyocyte cell populations that cooperate intri-
cately to impart cardiovascular function as well as patho-
physiology.f8° There is growing clinical and preclinical
data about the importance of noncardiomyocytes in AF
pathogenesis.®® Here, in both in vivo and in vitro mod-
els, we have demonstrated the contribution of mutated
immune cells to electrical remodeling, altered calcium
dynamics, and AF. Beyond somatic mutations such
as those related to CHIP, common variants have been
shown to explain a majority of the heritable predisposi-
tion to AF, but most existing mechanistic studies have
focused on their role in cardiomyocytes. A broader look
at noncardiomyocyte cell types, both within and extrinsic
to the heart, may further our continued understanding of
AF pathogenesis.

In summary, our analysis of a large human cohort
study revealed that individuals with CHIP, and specifi-
cally TET2 CHIP, have increased risk of developing AF.
In vivo and in vitro studies showed that hematopoietic-
specific loss of Tet2-enhanced cardiomyocyte inflamma-
some activity and abnormal cardiomyocyte SR calcium
handling may underlie associated AF pathogenesis.

April 30,2024 1431
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We demonstrated that an orally administered small-
molecule NLPR3 inflammasome inhibitor, NP3-
361, abrogates AF inducibility in Ldir’~ mice with
hematopoietic-specific inactivation of Tet2. These find-
ings raise the possibility of targeting the inflammasome
for the treatment of individuals with TET2-specific
CHIP mutations with AF.
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