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KEY PO INT S

l SCD mice exhibit a
myocardium
vulnerable to VT.

l IL-18 is a novel
therapeutic target
for sickle cell
cardiomyopathy.

Previous reports indicate that IL18 is a novel candidate gene for diastolic dysfunction in
sickle cell disease (SCD)–related cardiomyopathy. We hypothesize that interleukin-18 (IL-
18) mediates the development of cardiomyopathy and ventricular tachycardia (VT) in SCD.
Comparedwith control mice, a humanizedmousemodel of SCD exhibited increased cardiac
fibrosis, prolonged duration of action potential, higher VT inducibility in vivo, higher
cardiac NF-kB phosphorylation, and higher circulating IL-18 levels, as well as reduced
voltage-gated potassium channel expression, which translates to reduced transient out-
ward potassium current (Ito) in isolated cardiomyocytes. Administering IL-18 to isolated
mouse hearts resulted in VT originating from the right ventricle and further reduced Ito in

SCD mouse cardiomyocytes. Sustained IL-18 inhibition via IL-18–binding protein resulted in decreased cardiac fibrosis
and NF-kB phosphorylation, improved diastolic function, normalized electrical remodeling, and attenuated IL-
18–mediated VT in SCD mice. Patients with SCD and either myocardial fibrosis or increased QTc displayed greater
IL18 gene expression in peripheral blood mononuclear cells (PBMCs), and QTc was strongly correlated with plasma
IL-18 levels. PBMC-derived IL18 gene expression was increased in patients who did not survive compared with those
who did. IL-18 is a mediator of sickle cell cardiomyopathy and VT in mice and a novel therapeutic target in patients at risk
for sudden death. (Blood. 2021;137(9):1208-1218)

Introduction
Despite significant progress in extending the lifespan of patients
with sickle cell disease (SCD),1 prognosis remains poor and the
average lifespan remains in the 40s.1 On the basis of autopsy
studies, themain causes of premature death in patients are acute
chest syndrome (ACS), pulmonary hypertension (PH), and sud-
den death.1-5 Although fatalities from ACS and PH are well
characterized, the etiology of sudden death is unknown but
includes potential contributions from arrhythmias that would
lead to sudden cardiac death.

Previous case series reported increased QT dispersion and
prolongation, which imply the risk of developing fatal arrhyth-
mias in SCD.6-10 Other case series reported the presence of
ventricular arrhythmias in patients.11,12 Associations between an

increased QTc interval with hemolysis, increased free heme
levels, and higher mortality were reported in a large patient
cohort over 5 years.13 However, mechanisms that contribute to
prolonged QTc, changes to action potential (AP), and arrhyth-
mogenic propensity are unknown.

A significant subset of patients exhibit myocardial fibrosis and
diastolic dysfunction, the latter representing an independent risk
factor for mortality in SCD.14,15 Fibrosis independently increases
the risk of ventricular arrhythmias in patients with cardiomyopathy.
A previous report observed myocardial hypertrophy, increased
mass in the left ventricle (LV), and diastolic dysfunction with
preserved systolic function with fibrosis in SCD mice.16 Although
underlying mechanisms for these cardiovascular findings are
unclear, sickled red cells are considered partly causal for systemic

1208 blood® 4 MARCH 2021 | VOLUME 137, NUMBER 9

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/137/9/1208/1801930/bloodbld2020005944.pdf by guest on 19 M

ay 2023

https://crossmark.crossref.org/dialog/?doi=10.1182/blood.2020005944&domain=pdf&date_stamp=2021-03-04


inflammation and interleukin-18 (IL-18)–mediated inflammasome
signaling.17-20 We recently reported IL18 as a novel candidate
gene associated with diastolic dysfunction in patients with SCD
and the observation that IL18 single nucleotide polymorphisms
were associated with expression quantitative trait loci.21 We re-
ported increased IL18 gene expression levels in the hearts of SCD
vs control (CTR) mice. Additional association of promoter single
nucleotide polymorphisms in the IL18 gene have been previously
reported with sudden cardiac death in a population with heart
failure not related to SCD.22 We hypothesized that IL-18 con-
tributes to the development ofmurine sickle cell cardiomyopathy,
which increases susceptibility to ventricular tachycardia (VT). We
characterized the cardiac electrophysiological phenotype of the
humanized SCD mouse model and evaluated the molecular
underpinnings that bridge relationships between IL-18–mediated
inflammation, action potential duration (APD) and QTc pro-
longation, and ventricular arrhythmias.

Methods
Patient cohorts
UCH cohort Adult patients (age 18 years or older) from the
University of Chicago Hospital (UCH) were recruited from an
outpatient program. They provided written consent to partici-
pate in the study, which had approval from the institutional
review board (http://clinicaltrials.gov/ct2/show/NCT01044901).
A total of 23 clinically stable African American patients (including
those with homozygous hemoglobin S [HbSS], sickle cell he-
moglobin C [HbSC], and beta thalassemia demonstrated by
high-performance liquid chromatographic separation or gel
electrophoresis) were included. Cardiovascular magnetic reso-
nance imaging with late gadolinium enhancement (LGE)23 se-
quence and blood draw were prospectively performed on the
same day. Patients were excluded only if they were clinically
unstable, which was defined as having vaso-occlusive crisis, ACS,
or unscheduled blood transfusions within 3 weeks of the study.
Details of imaging and microarray processing have been pub-
lished previously.14

UIC cohort All adult patients with SCD (age 18 years or older)
from the University of Illinois at Chicago (UIC; n 5 153) since
2010 were prospectively recruited and provided written consent
to participate with institutional review board approval. Patients
were recruited from outpatient clinics in steady-state condition
(no vaso-occlusive crises for 3 weeks). Details of clinical data
collection are provided in the supplemental Data (available at
the BloodWeb site). RNA from peripheral blood mononuclear
cells (PBMCs) was evaluated for gene expression profiles
using microarrays. In contrast to the UCH cohort, circulating
IL-18 levels in patients from the UIC cohort were measured
from plasma samples, available for a subset of patients and
drawn on the same day as PBMCs (as described previously24).
Complete details regarding arrays, hybridization, labeling,
quality control, and analyses for both cohorts are provided in
the supplemental Data.

Circulating plasma IL-18 levels in mice and patients Within
the UIC cohort, correlation between circulating plasma IL-18 levels
(Cosmo Bio) in patients and QTc intervals was assessed. Total IL-
18 (Abcam) as well as IL-18-binding protein (IL-18BP) levels
(R&D) were measured in the serum of CTR and SCD mice after

administration of IL-18BP or vehicle for 4 weeks. Free serum IL-
18 levels were calculated as previously described.25

Animal studies Homozygous Townes SCD model mice and
non-sickling CTR mice were obtained from The Jackson Labo-
ratory (stock #013071). Four sets of experiments (Parts I-IV) were
performed using 8- to 12-week-old male mice, unless otherwise
indicated. Animals were handled in accordance with the Na-
tional Institutes of Health Guide for the Care and Use of Lab-
oratory Animals. All protocols were approved by animal welfare
committees at Indiana University, University ofWisconsin, Rhode
Island Hospital, and the University of Arizona.

Part I. Surface ECG recording and programmed ventricular
stimulation in vivo Surface electrocardiograms (ECGs) were
recorded, and arrhythmia inducibility was determined in CTR
and SCD mice at baseline under general anesthesia with iso-
furane by using described methods.26

Part II.Measurement of ventricular CV LV conduction velocity
(CV) was measured (supplemental Data) in anesthetized CTR
(n 5 5) and SCD (n 5 5) mice at baseline by using a flexible
multielectrode array system (Flex-MEA, 72 electrodes; Multi-
channel Systems, Reutlingen, Germany) according to the man-
ufacturer’s instructions.

Part III. Optical mapping and ventricular stimulation ex vivo
Acute effects of IL-18, dose-dependent effects of IL-18 on APD
prolongation, and VT induction were initially studied in isolated
and perfused SCD hearts (n 5 4). Because there were frequent
early afterdepolarizations (EADs) at higher doses, 2 ng/mL was
used to study effects on APD prolongation and 5 ng/mL was
used to study VT induction. VTs were defined from ECGs
with more than 3 consecutive arrhythmic beats.

Hearts from CTR and SCD male mice also underwent optical
mapping using a voltage sensitive dye (di-4 ANEPPS; Invi-
trogen), as described.26 For simultaneous voltage and Ca21

mapping, RH237 and Rhod-2 were used, as described.27 Sample
activation potential traces and activation maps with 150 ms
pacing were made for both CTR and SCD hearts. IL-18 was
further perfused for 60 minutes, and fluorescence signals were
recorded every 2 minutes in the latter subset of mice (supple-
mental Data). APD and Ca21 duration (CaD) were measured at
90% repolarization (APD90) and 90% recovery (CaD90).

Part IV. Optical mapping, echocardiogram, and fibrosis:
chronic effects of IL-18BP In separate experiments, vehicle
(phosphate-buffered saline) or IL-18BP (0.5 mg/kg; R&D)28 were
injected intraperitoneally into 10- to 14-week-old CTR and SCD
mice every 2 days for 28 days. Another group of 6-month-old
SCD mice were injected with identical doses and duration of
vehicle or IL-18BP to evaluate the effect of age. Echocardio-
grams, fibrosis levels, and optical mapping were assessed as
terminal phenotypes. Recombinant IL-18 was further perfused
for 60 minutes to study APD VT induction (supplemental Data).

Patch clamping in vitro and statistics Cardiac myocytes were
isolated from hearts of CTR and SCD mice at baseline by
standard enzymatic techniques, and patch clamp recordings of
transient outward potassium current (Ito) channels (supplemental
Figure 7) were made with an Axopath-200B amplifier (Molecular
Devices, San Jose, CA), as described previously29 (supplemental
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Data). Details of statistical testing and analyses are provided in the
supplemental Data. P values # .05 were considered significant.

Results
Murine model of SCD
Altered conduction and APDs in SCD mice Hearts were
stimulated at the center of the LV with a concentric bipolar
electrode to measure APD90 and longitudinal and transverse
conduction velocity (Figure 1). Compared with CTR mice, SCD
mice showed significantly longer APDs and greater APD dis-
persion (Figure 1A-B,E-G). CV was slower in SCD mice in the
longitudinal direction (Figure 1C) but not in the transverse di-
rection (Figure 1D). The rise time of AP upstroke was unchanged
(supplemental Figure 1A).

Increased VT induction in SCD mice with pacing in vivo
Inducibility testing for arrhythmias (supplemental Figure 1B)
revealed a significantly greater propensity for polymorphic VT in
SCD mice (77.8%) compared with CTR mice (11.1%) with pacing
(P 5 .0018). SCD mice exhibited frequent VTs that lasted longer

during both burst and premature programmed electrical stimu-
lation protocols (sample tracings are illustrated in supplemental
Figure 1C).

Acute IL-18 perfusion prolongs APD and triggers VT ex vivo
Patients with SCD17 exhibit significantly increased circulating
IL-18 levels compared with healthy controls. Because our data
were consistent with ranges found in both acute25 and chronic
inflammatory states, we tested dose responses to higher levels
of recombinant IL-18 in CTR and SCD mice. Exogenous perfu-
sion of IL-18 during optical mapping resulted in dose-dependent
APD prolongation associated with frequent EADs and VTs
(supplemental Figure 2A) in SCD mice. At higher concentrations
(.5 ng/mL), frequent EADs and VTs were seen shortly after IL-18
perfusion (,10 minutes); APD measurements were not possible
because of frequent EADs and VTs. We compared the effect of
2 ng/mL of IL-18 on APD in the hearts of SCD vs CTR mice, a
dose previously reported as low normal in patients with SCD.17

Exogenous perfusion of IL-18 (2 ng/mL) resulted in acute APD
prolongation with frequent atrioventricular block (Figure 2A).
Within 60 minutes, IL-18 perfusion led to the development of
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Figure 1. Prolongation of APD and slow conduction in hearts of SCDmice. (A) Representative AP traces from CTR (black) and SCD (red) hearts. (B) Activation maps from CTR
(left) and SCD hearts (right). The center of the LV was stimulated with a concentric bipolar electrode to measure longitudinal conduction velocity (CVL) and transverse conduction
velocity (CVT). (C-D) CVL of SCD hearts was slower than that for CTR hearts (0.756 0.11 ms in CTR vs 0.586 0.07 ms in SCDmice; P5 .002), and CVT was not significantly different
between CTR and SCD hearts (0.376 0.056ms in CTR vs 0.356 0.05 ms in SCDmice; P5 .51). *P, .05. Error bars represent standard error. (E) APDmaps from the LV in CTR and
SCDhearts. (F) APDs of SCD hearts were prolonged (60.46 10.7ms in CTR vs 74.56 8.4ms in SCD; P5 .006). (G) Spatial dispersion of APDswas also increased in SCDhearts (18.36
4.8 ms in CTR vs 27.66 10.9 ms in SCD; P5 .025) (n5 10 for CTR group; n5 9 for SCD group). Median values displayed with whiskers using the Tukey method. CL, cycle length.
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frequent premature ventricular contractions (PVCs) and short-
lived VTs in SCD mice alone (n 5 6 of 6 SCD vs 0 of 6 in the
hearts of CTR mice). Because of the presence of frequent trig-
gered activities and VT, APDs were compared after 20-minute
perfusion of IL-18 at 2 ng/mL. Figure 2B displays paired dot plots
of APD before and after 20 minutes of IL-18 perfusion. IL-18
prolonged APD in both CTR and SCDmice with a greater change
in SCD mice (Figure 2B). Analysis of APs revealed that a new PVC
was initiated before the previous one fully repolarized, suggesting
that IL-18 resulted in APD prolongation and EAD (Figure 2C). The

activation maps (Figure 2D) revealed that VTs were initiated by PVCs
and maintained by multiple focal activity. The long-lasting VTs were
maintained by reentry anchored in the right ventricle (RV) (supple-
mentalMovie1).Althoughacute IL-18exposuredidnotalterCVat the
basic cycle length, APupstroke rise timewas increased significantly by
IL-18 (supplemental Figure 2B-D), suggesting that the Na1 channel
altered by IL-18 may potentiate reentry formation in SCD hearts.

We further examined whether altered Ca21 handling in SCD
mice promotes APD prolongation, triggered activity, and reentry
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Figure 2. Excessive APD prolongation and frequent arrhythmias (PVCs and VT) in the presence of IL-18 in murine SCD hearts. (A) Representative AP traces under IL-18
(2 ng/mL) in both CTR and SCD hearts after IL-18 perfusion over 1 hour. Frequent PVCs and VT were developed from APD prolongation in SCD (n5 6 of 6) hearts compared with
CTR (n5 0 of 6) hearts. (B) APDs were prolonged by IL-18 in both CTR (P5 .004) and SCD hearts (P5 .003) but were greater in SCD hearts (right panel, DAPD5 14.96 7.2 ms in
CTR vs 37.66 16.6 ms in SCD; P5 .009) (n5 5 mice per group). *P, .05, Error bars represent standard error. Median values displayed with whiskers using the Tukey method. (C)
Representative PVC and VT traces induced by IL-18 in SCD hearts. (D) Activation maps of PVCs (marked in panel C) showed focal activations originating from the RV (concentric
pattern of c, d, and e beats) that propagated and formed reentry. (E) IL-18 (5 ng/mL) prolongs APD (black) for a substantially longer time than CaD (red; from 75.0 6 10.1 ms vs
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PVC; bottom: corresponding activation maps of sinus rhythm (beat 1 [b1]) and PVC (b2). Right: Vm (black) precedes Ca21 (red) during the upstroke of PVC. Spontaneous Ca21

release preceding Vm upstrokes was not seen from n 5 13 of 13 episodes of VTs recorded (see additional examples in supplemental Figure 3).
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formation by simultaneously mapping voltage (Vm) and Ca21

transients (see “Methods”). Initially, CaD was longer than APD
(Figure 2E, left) but, with exposure to IL-18, APD was more
prolonged than CaD (Figure 2E, right; APD 2 CaD 5 212.0 6
8.3 ms before and 48.16 13.7 ms after IL-18; P, .01). In addition,
triggered activities observed in SCD mice did not show sponta-
neous Ca21 release leading to PVCs (Figure 2F) with Vm upstrokes
preceding Ca21 rise (supplemental Figure 3 shows Vm and Ca21

examples during VT). These data strongly support the notion
that altering membrane ion channels may be responsible for
IL-18–mediated APD prolongation and frequent VTs in SCD.

Chronic IL-18 inhibition attenuates triggered VT To test the
hypothesis that increased IL-18 levels in SCD contribute to in-
creased risk of arrhythmias and represent a novel therapeutic
target, we injected vehicle or recombinant IL-18BP into CTR and
SCD mice for 4 weeks. We measured mouse serum levels of
IL-18 and IL-18BP, a native protein which binds to free IL-18 and
prevents it from activating its receptor. Total circulating serum
IL-18 levels were not different among all groups of mice (sup-
plemental Figure 4A). Even though serum IL-18BP levels are
nonsignificant, they tended to be higher in groups receiving
injections of IL-18BP (supplemental Figure 4B). Free circulating
IL-18 levels trended higher in SCD (vs CTR) mice, which supports
published reports of increased IL-18 expression in the hearts of
SCD (vs CTR) mice.21 Compared with vehicle, IL-18BP signifi-
cantly reduced free IL-18 in SCD mice (analysis of variance
[ANOVA] P5 .026; Figure 3A), confirming the known function of
IL-18BP as a decoy receptor for free IL-18.

Chronic administration of IL-18BP also prevented IL-18–mediated
VT events in the hearts of SCD mice during optical mapping.
Specifically, IL-18 perfusion in isolated mouse hearts at higher
concentrations (5 ng/mL) resulted in a rapid onset of APD pro-
longation (Figure 3B; supplemental Figure 2A) associated with
frequent PVCs and VT in vehicle-treated SCDmice (n5 4 of 5mice)
within 10minutes, whereas only 1 SCDmouse heart treated with
IL-18BP exhibited VT (Figure 3B). Both VT events and durations
were suppressed in the IL-18BP treatment group (Figure 3C).

RV and apex as sources for arrhythmias Activation maps from
the RV and LV showed focal activity from the RV, and the apex
formed reentry and initiated VT in SCD mice with vehicle
(Figure 3E), whereas chronic exposure to IL-18BP significantly
reduced this activity (Figure 3C-D). Because of activity triggered
by IL-18 perfusion in the vehicle group, it was difficult to reliably
measure APD after the onset of frequent PVCs and VT, and the
early phase of IL-18 perfusion showed a trend toward less pro-
longation of APDs in mice treated with IL-18BP vs vehicle (sup-
plemental Figure 5A). There was significant improvement in AP rise
time and increased CV with IL-18BP (supplemental Figure 5B-C).

IL-18 reduces Ito in SCD cardiomyocytes Reverse transcriptase-
polymerase chain reaction validated recently published cardiac
ion channel expression profiling from RNA sequencing for hearts
of SCD andCTRmice16 and revealed that SCDmice had reduced
expression levels of myocardial KCND2 and KCND3 genes
(encoding Kv4.2 and Kv4.3 that underlie Ito channels) (Figure 4A),
consistent with our observation of APD prolongation. Expression
of other surveyed sodium and potassium channels previously
associated with VT30 were not significantly altered (supplemental
Figure 6).

Patch clamping was performed in isolated cardiomyocytes to
assess for Ito from hearts of SCD and CTR mice (supplemental
Figure 7). We observed reduced peak Ito in SCD vs CTR mice,
which was further decreased by IL-18 exposure (Figure 4B-C).
Steady-state current (Iss) was increased at baseline in SCD vs CTR
mouse myocytes, but administration of IL-18 did not have sig-
nificant effects (supplemental Figure 8A). Similar effects were
also seen in CTR mice in which IL-18 exposure resulted in re-
duced Ito (supplemental Figure 8B-C).

Chronic IL-18 inhibition attenuates murine sickle cell car-
diomyopathy and improves diastolic function Consistent with
results we observed in a report of Berkeley SCD mice,16 we also
observed increased patchy myocardial collagen deposition and
fibrosis in both ventricles in the Townesmodel of SCD compared
with CTR mice (Figure 5). Along with decreased burden of ar-
rhythmia, exposure to chronic IL-18BP resulted in reduced
cardiac fibrosis and improved diastolic function in SCD mice.
Specifically, IL-18 inhibition led to a reduced percentage of the
area of fibrosis measured by Masson Trichrome staining in the
total myocardium vs vehicle (Figure 5A-E); reduction in fibrosis
was observed across both the RV and the LV and in perivascular
as well as interstitial tissues. These patterns were also visu-
alized in older mice (age 6 months; supplemental Figure 9A).
Echocardiography-detected diastolic measures of the ratio (E/e9)
of mitral valve peak inflow velocity of early filling (E) over early
mitral annular valve velocity (e9) were also reduced by IL-18
inhibition vs vehicle (Figure 5F), which reflects reduced LV filling
pressures. Both LV end-systolic (supplemental Figures 9B and
10) and end-diastolic volumes (Figure 5G) were significantly
smaller after IL-18BP treatment, suggesting attenuated LV di-
lation and remodeling. No changes in systolic function were
observed in SCD mice after IL-18BP therapy including fractional
shortening and cardiac output (supplemental Figures 9C-D and
10). Moreover, the ratio of heart weight to body weight was
significantly different among the 4 groups (ANOVA P , .01;
supplemental Figure 11): IL-18BP administration tended to at-
tenuate heart hypertrophy in SCD mice (heart weight/body
weight: SCD 1 vehicle, 6.56 6 0.15 mg/g, SCD 1 IL-18BP,
5.70 6 0.25 mg/g).

Inflammation in SCD hearts Given the established role of IL-18
in the inflammasome, NF-kB and I-kBa levels were next assessed
in young and older mice. Although total NF-kB and I-kBa
remained unchanged, phosphorylated NF-kB levels and the
ratio of phosphorylated NF-kB to total NF-kB (Figure 5H-I) were
significantly higher in the hearts of young and older (supple-
mental Figure 12) SCD mice and were effectively reduced by
IL-18BP (ANOVA P, .01). These data suggest that IL-18 may be
mediating cardiac inflammation and fibrosis in SCDmice, in part,
via NF-kB activation.

Human sickle cell cardiomyopathy
IL18 levels and fibrosis in the UCH cohort On the basis of the
acute and chronic cardiac effects of IL-18 in SCD mice, we
correlated IL-18 levels in patients with SCDwith clinical traits. In a
historical UCH cohort,23 patients prospectively underwent car-
diac magnetic resonance imaging with LGE to detect myocardial
fibrosis revealing 25% of patients (n 5 8 of 32) with LGE.
Evaluation of PBMC-derived gene expression profiling in these
patients with andwithout evidence ofmyocardial fibrosis revealed
84 differentially expressed genes (Figure 6A; supplemental Table 1).
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We observed higher IL18 gene expression as 1 of the top 2
differentially regulated genes in patients with LGE, which is
consistent with reports of IL-18 as a profibrotic inflammatory
mediator.31 These data support circulating IL18 gene expression
levels as a marker for cardiac fibrosis.

IL18 expression and levels with QTc in the UIC cohort Using
available PBMC-derived genome-wide microarray data from a
separate published UIC cohort,32 we evaluated for relationships
between IL18 gene expression and QTc. Among all patients with
the HbSS genotype who underwent an ECG prospectively within
1 year after blood collection, significantly higher QTc intervals
(median QTc, 452.06 32.0 ms vs 430.56 29.0 ms; P5 .047) were

observed in patients classified as having higher IL18 gene ex-
pression (Figure 6B).

Plasma IL-18 levels also exhibited a significant positive corre-
lation with QTc intervals (r 5 0.26; P 5 .015; n 5 74; Figure 6C)
and left atrial volumes (r 5 0.51; P 5 .05; n 5 74; supplemental
Figure 13). The former association was strengthened (P 5 .008)
and the latter was no longer significant (P 5 .45; supplemental
Table 2) after adjustment for covariates. PBMC-derived IL18
gene expression was not correlated with plasma IL-18 protein
levels (r520.36; P5 .304; n5 63) in a subset of these patients
(for which both gene expression and plasma were available).
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IL18 levels and mortality in the UIC cohort In the portion of
the UIC cohort for which vital status was available, PBMC-
derived IL18 gene expression was evaluated among patients
who were prospectively followed for survival. By using a Cox
proportional hazard model adjusted for age, sex, hemoglobin
genotype, and hydroxyurea use, we observed that increased
IL18 expression was significantly associated with an increased
mortality risk (P 5 .012; supplemental Table 3). In addition,
patients in the highest tertile of IL18 expression had a threefold
risk of death compared with patients in the lowest tertile (hazard
ratio, 3.06; 95% confidence interval, 1.22-7.68; P 5 .017;
Figure 6D). These data cumulatively indicate that circulating
IL-18 levels may represent a novel biomarker for cardiovascular
and mortality risk in SCD.

Discussion
Sickle cell cardiomyopathy is characterized by increased LV
mass, fibrosis, diastolic dysfunction, and prolongedQTc.14,15,33-35

In this study, the humanized SCD mouse model mimics pro-
longed APD and fibrosis with a predisposition toward inducible
VT. Mechanistically, prolonged APD in SCD mice reflects the
contribution of reduced cardiac KCND2 and KCND3 expression
and Ito function. Moreover, exogenous acute administration of
IL-18 results in further APD prolongation and frequent VTs that
originate predominantly in the RV in SCD mice. Cumulatively,
these acute IL-18 effects are driven, in part, by inflammatory-
mediated reductions in Ito function and are enabled by baseline
pathological cardiac structural (fibrosis) and electrophysiological
remodeling (baseline Ito reduction) in SCD hearts. Sustained
IL-18 inhibition in SCD mice leads to attenuated IL-18–induced
VT activity, decreased fibrosis, improved diastolic function, and
reduced cardiac phosphorylated NF-kB levels. Patients with
SCD with higher IL18 gene expression also exhibited an in-
creased prevalence of myocardial fibrosis, longer QTc intervals,
and increased mortality. Based on known associations between

features of sickle cell cardiomyopathy andmortality in patients,9,36

the findings of inducible polymorphic VT in SCDmice suggest the
mechanistic and pathologic link between IL-18–mediated in-
flammation and arrhythmic propensity to poor outcomes and
sudden cardiac death in patients.

A previous study reported sudden death with ECG-documented
ventricular fibrillation in 1 SCDmouse.16 Our study demonstrates
prolonged APD and inducible VT (via pacing or IL-18) as novel
additional phenotypes of nearly all murine SCD hearts and
implicates a vulnerable myocardium. APD prolongation and
increased dispersion in SCD mice can precipitate repolarization
heterogeneity and reentry formation leading to VT. The mo-
lecular and electrophysiological remodeling within SCD hearts
resembles the concept of “reduced repolarization reserve”37, an
environment that promotes long QT-related arrhythmias such as
Torsades de Pointes with additional stress. Specifically, APD
prolongation is reflective of significant reductions in baseline Ito
current and cardiac KCND2 and KCND3 expression in SCD
mice. These genes encode the subunits of the voltage-gated
potassium channels Kv4.2 and Kv4.3 that conduct fast transient
outward current (Ito,f). Functional knockout of Kv4.2 in mice
previously demonstrated prolonged QT, atrioventricular block,
and frequent VT38,39 as seen in SCD mice. In contrast to Ito
downregulation, we found that Iss (steady-state K1 current) is
slightly increased in SCD mice. Because of its slow activation
(30 times slower than Ito), the contribution of Iss to the very short
APD in mice is thought to be limited.40 In addition, Iss was not
previously detected in humans, suggesting that Iss is not the
major contributor to QT prolongation and arrhythmogenesis in
SCD.41 Although our polymerase chain reaction data do not
suggest that several other channels are involved, it is possible
that trafficking, membrane retention, and posttranslational
modification of ion channels and Ca21 handling proteins may
contribute to arrhythmias in SCD. Although our simultaneous
voltage and Ca21 mapping did not show either persistent Ca21
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elevation during long APD or spontaneous Ca21 release during
triggered activity, it is still possible that intracellular Ca21 can
contribute to arrhythmogenesis through activation of membrane
ion channels such as phosphorylation of sodium, L-type calcium,
transient outward potassium and inward rectifier potassium
channels by CaMKII.42 Further studies are needed to assess the
proarrhythmic potential of other ion channels and Ca21 handling
modification in SCD mice such as those that compare RV and LV
cardiomyocytes in SCD.

This study demonstrates the pathological roles (acute and
chronic) and biomarker potential of IL-18 in sickle cell cardio-
myopathy, linking it to Ito function and NF-kB activation. As-
sociations of IL18 gene expression with fibrosis, QTc intervals,
and patient mortality further support the pathological role of IL-18

in SCD. The latter findings support our previous observations of
the association between IL18 gene expression levels with di-
astolic dysfunction in patients with SCD.21 Plasma IL-18 levels,
however, do not correlate with PBMC-derived IL18 gene ex-
pression, likely reflecting a combination of small sample size,
heterogeneity in the source of plasma IL-18 protein, and dif-
ferences between transcriptional and translational regulation of
IL-18 in SCD. Whereas plasma IL-18 levels originate from several
cells (including PBMCs and endothelial and immune cells43-45),
which dilutes the potential associations of IL-18, observed IL18
gene expression associations may reflect the role of PBMCs in
the development of inflammation and fibrosis in the sickle
myocardium. IL-18 inhibition studies inmice also bolster the idea
of targeting IL-18 as a novel therapeutic for improving cardiac
function and preventing VT. Studies of IL-18BP emphasize the
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possible role of IL-18 receptor signaling, but the mechanisms of
the acute effects of IL-18 on Ito via IL-18 receptor signaling or via
direct interactions with the channel remain uncharacterized.

VT predominantly originates from the RV in SCD mice. Differ-
ences in the electrophysiological remodeling between the RV
and LV that may help explain this susceptibility have not been
characterized. Although fibrosis patterns were not different
between the RV and LV (which could explain the arrhythmogenic
propensity), we speculate whether PH and increased RV after-
load may be contributing factors. Previous reports show the RV
as the source of pacing-induced VT and spontaneous ventricular
fibrillation in animal models of PH and RV failure,46,47 with at-
tenuation of VT after treating PH. PH is a well-established risk
factor for mortality in patients with SCD,48,49 although SCD mice
develop spontaneous PH with aging.50 Cumulatively, these data
raise the idea of PH as a contributing factor for IL-18–mediated
VT susceptibility in SCD. IL-18 has also been implicated in the
development of PH in animal models,51 which mechanistically
links these clinical manifestations. Previous associations between
prolonged QTc, diastolic dysfunction, fibrosis, and IL18 gene

expression levels with markers of hemolytic burden in patients
with SCD7,9,17,36,52,53 suggest a contributing role for hemolysis in
VT vulnerability.

In summary, SCD mice develop a cardiomyopathy with an ac-
quired long-QT syndrome phenotype, which results in a pre-
disposition to inducible VT. This electrical phenotype is
associated with increased IL-18 and myocardial fibrosis, aug-
menting the propensity for ventricular arrhythmias. With “sud-
den death” characterized as one of the top causes of death, we
stress the need for further studies to link IL-18 to prolonged QTc
and fatal cardiac arrhythmias in patients with SCD.
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