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Abstract

BACKGROUND: Ibrutinib is a Bruton tyrosine kinase inhibitor with remarkable efficacy against
B-cell cancers. Ibrutinib also increases the risk of atrial fibrillation (AF), which remains poorly
understood.

METHODS: We performed electrophysiology studies on mice treated with ibrutinib to assess
inducibility of AF. Chemoproteomic analysis of cardiac lysates identified candidate ibrutinib
targets, which were further evaluated in genetic mouse models and additional pharmacological
experiments. The pharmacovigilance database, VigiBase, was queried to determine whether drug
inhibition of an identified candidate kinase was associated with increased reporting of AF.

RESULTS: We demonstrate that treatment of mice with ibrutinib for 4 weeks results in inducible
AF, left atrial enlargement, myocardial fibrosis, and inflammation. This effect was reproduced
in mice lacking Bruton tyrosine kinase, but not in mice treated with 4 weeks of acalabrutinib,
a more specific Bruton tyrosine kinase inhibitor, demonstrating that AF is an off-target side
effect. Chemoproteomic profiling identified a short list of candidate kinases that was narrowed
by additional experimentation leaving CSK (C-terminal Src kinase) as the strongest candidate
for ibrutinib-induced AF. Cardiac-specific Csk knockout in mice led to increased AF, left atrial
enlargement, fibrosis, and inflammation, phenocopying ibrutinib treatment. Disproportionality
analyses in VigiBase confirmed increased reporting of AF associated with kinase inhibitors
blocking Csk versus non-Csk inhibitors, with a reporting odds ratio of 8.0 (95% ClI, 7.3-8.7;
£<0.0001).

CONCLUSIONS: These data identify Csk inhibition as the mechanism through which ibrutinib
leads to AF.

REGISTRATION: URL: https://ww.clinicaltrials.gov; Unique identifier: NCT03530215.

Keywords

atrial fibrillation; BTK protein, human; CSK tyrosine-protein kinase; electrophysiology; ibrutinib;
protein kinase inhibitors

Ibrutinib received U.S. Food and Drug Administration breakthrough designation and was
approved for the treatment of relapsed mantle cell lymphoma in 2013 and for chronic
lymphocytic leukemia (CLL) in early 201412, Ibrutinib recently demonstrated efficacy in
fron-tline setting in patients with CLL.34 However, treatment with ibrutinib is associated
with an increased risk of atrial fibrillation (AF),>-13 with a 10-fold increased rate of AF

in the ibrutinib arm in 1 study compared with the control arm. Longer term studies show
AF rates as high as 16% in patients treated with ibrutinib for a median follow-up of 28
months.12 Because none of the trials involving ibrutinib prospectively screened for AF, most
of the reported patients had AF requiring hospitalization or other interventions, suggesting

Circulation. Author manuscript; available in PMC 2022 November 14.
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that the true incidence of ibrutinib-associated AF may be significantly higher. AF is a
common reason for discontinuing ibrutinib therapy,14 can result in significant morbidity, and
is poorly understood. The management of ibrutinib-associated AF is challenging because

of the difficulties in balancing the benefits of anticoagulation to mitigate the risk of

stroke with an ibrutinib-related bleeding diathesis.1>16 Thus, there is a clear and pressing
need to improve management of these patients, requiring a better understanding of the
pathophysiology of AF induced by ibrutinib.1’

Detailed methods are provided in the Data Supplement. The data that support the findings of
this study are available from the corresponding author on reasonable request.

All animal studies were approved by the Institutional Animal Care and Use Committee at
Massachusetts General Hospital and were in compliance with relevant ethical regulations.
All experiments were performed on 3- to 4-month-old and sex-matched C57BL/6J,
CBA/CaJ, CBA/CaHN-BTKXi4/J (BTKX, a specific mutation abrogates Bruton tyrosine
kinase (BTK) kinase activity in this strain), B6.129S7-FYNMSory (FYA/=, Fynknockout
mice), and Csk™" micel® which were bred with a MHCMercreMer micel® to generate
cardiomyocyte-specific knockout of Csk, a MHCMerCreMer Csff mice.

In Vivo Interventions

Mice were treated with ibrutinib (Selleckchem) via intraperitoneal (IP) injection on a

daily dose of 25 mg-kg~1-d=1.20-23 Acalabrutinib, saracatinib, or BIX 02188 (Selleckchem)
were administered at a daily dose of 25 mg-kg~1-d~1 via IP injection in C57BL/6J

mice for 28 days. Mice injected with vehicle in parallel were used as controls. Three-
month-old a MHCMerCreMer coif/fl mice were treated with tamoxifen (Sigma-Aldrich) to
induce cardiomyocyte-specific Csk knockout. Littermate-matched Csk™# mice treated with
tamoxifen were used as controls and characterization experiments were performed 4 weeks
after the last dose of tamoxifen.

In Vivo Electrophysiology Study

Mice were anaesthetized by administering 5% isoflurane driven by an oxygen source

and were subsequently maintained with 1% to 2% isoflurane in 95% O,. Surface ECG

was recorded using subcutaneous needle electrodes connected to the Octal Bio amplifier
and PowerLab station (AD Instruments) in a lead | configuration. An octapolar catheter
(EPR-800; Millar Instruments) was inserted into the right jugular vein and positioned in the
right atrium and ventricle. Programmed electric stimulation was performed using a standard
protocol to measure function of the atrioventricular node and the conduction properties of
atrial and ventricular tissues.24 Arrhythmias were induced by standard burst pacing protocol.
AF was defined as a rapid irregular atrial rhythm with irregular R-R intervals lasting at least
1 second.2> Data were analyzed with LabChart8 Pro.

Circulation. Author manuscript; available in PMC 2022 November 14.
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Blood Pressure

Blood pressure measurement was performed on conscious mice using volume pressure
recording sensor technology with the CODA mouse tail-cuff system (Kent Scientific).

Echocardiography

MRI

Transthoracic echocardiography was performed on conscious mice using a E90 cardiac
ultrasound system (GE Healthcare) with a L8-18i-D transducer at 100 frames/s. M-mode
recordings were acquired in the short-axis view at the level of the papillary muscles. Left
atrial (LA) diameter was measured from the parasternal long axis view.

MRI was performed on mice anaesthetized with 2% isoflurane in oxygen, using a 4.7

Tesla horizontal bore Pharmascan (Bruker) with a custom-built mouse cardiac coil (RAPID
Biomedical) with respiratory gating (SA Instruments). Short axis images over the entire
heart were sequentially acquired using a cine fast low angle shot sequence with intragate
cardiac gating (Cine_FLASH_I1G). Images were analyzed using Horos software to calculate
the LA volume or the Segment software (Medviso) to calculate the left ventricular (LV)
ejection fraction.

Plasma Cytokine Measurements

Histology

Plasma proinflammatory cytokine levels were determined using the mouse cytokine 9-plex
ELISA kit (PBL Assay Science) and the Quansys Q-View imager (Quansys Biosciences).

Masson trichrome stain and hematoxylin and eosin stain were performed according to the
manufacturer’s instructions (MilliporeSigma). Apoptotic cells were analyzed using the In
Situ Cell Death Detection Kit, TMR red (MilliporeSigma). Cardiac macrophages were
stained with CD68 (clone: FA-11, BioLegend) followed by a goat anti-rat IgG Alexa
Fluor 488 antibody (A-11006, ThermoFisher Scientific). 4 *,6-diamidino-2-phenylindole
(ThermoFisher Scientific) was used for nuclear counterstaining. All images were obtained
with NanoZoomer 2.0-RS (Hamamatsu) or confocal microscopy (Leica SP8). Cardiac
fibrosis was analyzed using ImageJ (National Institutes of Health).

RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction

Total RNA from LA or LV tissue was isolated using TRIzol reagent (Invitrogen) and

the RNeasy Mini Kit (QIAGEN), and was reverse transcribed to cDNA using the iScript
real-time polymerase chain reaction kit (Biorad). Quantitative real-time polymerase chain
reaction was performed using the CFX384 Touch thermocycler (Biorad) and the iTaq
Universal Probes Supermix (Biorad) with TagMan probes (Thermo Fisher Scientific). Gene
expression was normalized to Gapah using the 272ACT method and expressed as fold
changes over control group.

Circulation. Author manuscript; available in PMC 2022 November 14.
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Bulk RNA Sequencing

RNA sequencing and analysis was performed by MGH Sequencing Core. Libraries were
constructed using the PolyA* NEBNext Ultra Directional RNA Library Prep Kit and
sequenced on an Illumina HiSeq 2500 in high-output mode. Differentially expressed genes
were analyzed using the EdgeR method26 and were classified based on the cutoffs of 2-fold
change in expression value and false discovery rates below 0.1. Gene set enrichment analysis
was performed with gene set enrichment analysis tool (Broad Institute) on the hallmark set
of pathways using the default false discovery rate cutoff of 0.25. Data were deposited to the
Gene Expression Omnibus database under ID codes GSE139427.

Immunoblotting

Proteins extracted from murine LA and LV tissue were analyzed with standard Western

blot protocols with the following primary antibodies: rabbit monoclonal anti—-CSK (C-
terminal Src kinase 1:1000, ab125005; Abcam); rabbit polyclonal anti-CaMKII-phospho-
T287 (1:500, ab182647; Abcam); rabbit polyclonal anti-CaMKII (1:1000, A010; Badrilla);
mouse monoclonal anti-GAPDH (1:2000, ab8245; Abcam); and horseradish peroxidase-
conjugated goat anti-rabbit or donkey anti-mouse secondary antibodies (1:10 000; Jackson
ImmunoResearch Laboratories). Proteins were detected using the ChemiDoc Touch Imaging
System (Biorad) and were quantified with Quantity-One software (Bio-Rad).

Chemoproteomic Kinase Profiling

In situ chemoproteomic kinase profiling was performed by ActivX Biosciences using the
KiNativ platform?” to quantitatively profile ibrutinib and acalabrutinib targets against native
kinase in the mouse heart. Mouse heart lysate was incubated with ibrutinib or acalabrutinib
at 10 uM for 15 minutes and were then labeled with a desthiobiotin ATP acylphosphate
probe (ATP probe) at 20 umol/L. Desthiobiotinylated peptides were analyzed by liquid
chromatography-mass spectrometry/mass spectrometry using the mouse kinase-ATP probe
master target list. Data were presented as % inhibition.

Proteomics on Human Heart Tissue Biopsies

Cardiac tissue biopsies (LA, right atrial, LV) were obtained from 7 individuals undergoing
mitral valve surgery. Proteins extracted from the biopsies were digested, fractionated and
analyzed by online reversed-phase liquid chromatography coupled to a Q-Exactive Plus
quadrupole Orbitrap tandem mass spectrometer as described previously.28:2° Raw mass
spectrometry data were processed using the MaxQuant software and proteins were identified
with the built-in Andromeda search engine using a database containing all reviewed human
SwissProt protein entries. A total of 6588 proteins were measured of which 5941 were
quantified (Linscheid N, Poulsen PC, Lundby A, unpublished data). Raw intensities were
normalized by quantile-based normalization. CSK was identified by mass spectrometry/mass
spectrometry identification in all 12 biopsies (6 LA and 6 LV). CSK quantitation was based
on 20 distinct peptides, (19 of which were unigue to CSK) that in total covered 54% of the
CSK amino acid sequence. Intensities were compared using a paired 2-sided Student test.

Circulation. Author manuscript; available in PMC 2022 November 14.
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Cellular Electrophysiology

Action potentials (APs) and sodium currents (In4) Were recorded using whole-cell patch-
clamp techniques in isolated mouse LA cardiomyocytes at room temperature with an
Axopatch 200B amplifier and digitized at 10 kHz with a Digidata 1440A A/D converter.
Data were recorded with Clampex 10.3 and analyzed with Clampfit 10.3 (Molecular Devices
Inc).

Data Analysis and Statistics

Statistical analyses were conducted with GraphPad Prism 8.4.3 software. Data are presented
as mean+SEM. Data were tested for normality using the Shapiro—Wilk normality test.
Statistical significance was assessed by the 2-tailed Student’s ztest for normally distributed
data, or by the 2-sided Mann-Whitney test if data did not pass the normality test. For
repeated measures, paired Student #test was performed. For multiple comparisons, 1-way
ANOVA followed by a Sidak posttest was performed. AF inducibilities were assessed by
Fisher exact test. P values of 0.05 or less were considered significant.

VigiBase Data Analysis and Statistics

RESULTS

A disproportionality analysis was performed based on adverse drug reactions reported
within VigiBase, the World Health Organization deduplicated database of more than 19.5
million individual case safety reports, from more than 130 countries.3 This study was
approved by the Vanderbilt University Medical Center institutional review board (No.
181337) and was registered with the national clinical trials database (NCT03530215). The
supplied data in VigiBase come from a variety of sources. The likelihood of a causal
relationship is not the same in all reports. The information does not represent the opinion

of the World Health Organization. A case/noncase analysis (disproportionality analysis) was
performed to study whether drug-induced AF events were differentially reported with any
of the 16 kinase inhibitors studied compared with AF events reported in the entire database.
A collection of CSK ICsxq inhibition levels for all U.S. Food and Drug Administration—
approved anticancer kinase inhibitors from the literature and public databases identified
CSK ICsq values for 16 kinases. Cmayx levels for each drug were obtained from the literature.
Association between magnitude of reporting for AF versus full database (information
component) and CSK inhibition at Cax for each kinase inhibitor (Cp,ax/ICsq) was assessed
by Spearman correlation test.

Ibrutinib Treatment Increases Susceptibility to Atrial Arrhythmias in Mice

To investigate the mechanism by which ibrutinib leads to AF, we first sought to develop
a small animal model of ibrutinib-mediated AF. In contrast to other reports,3! we found
that short duration exposure to ibrutinib did not result in increased inducible AF (Figure
IA and IB in the Data Supplement). Given that AF may take weeks or even months

to occur in humans treated with ibrutinib,® we treated mice with daily injections of 25
mg/kg for 4 weeks (Figure 1A). This dose has been commonly used in mice to study
effects of ibrutinib on tumor suppression?0:21.23 and its cardiotoxicity.22 After 4 weeks of

Circulation. Author manuscript; available in PMC 2022 November 14.
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ibrutinib treatment, treated mice demonstrated more inducible atrial fibrillation than vehicle
injected mice (Figure 1B and 1C), accompanied by prolonged atrial effective refractory
periods (Figure IC in the Data Supplement) without significant changes in the action
potential duration (Figure 1D and IE in the Data Supplement). Ibrutinib treatment also

led to atrial fibrosis, evident on histological imaging (Figure 1D and 1E) as well as by
increased expression of fibrosis markers fibronectin, and collagens 1a.1 and 3al (Figure
1F). Echocardiography and cardiac MRI to assess cardiac structure (Figure 1G) showed
preserved left ventricular ejection fraction (Figure 11), but significant atrial dilation (Figure
1H; Table I in the Data Supplement) in ibrutinib-treated mice compared with vehicle
injected controls. Circulating tumor necrosis factor a (TNFa) and interleukin-6 (IL-6)

were both elevated in ibrutinib-treated mice compared with vehicle injected controls (Figure
1J and 1K) demonstrating increased inflammation in ibrutinib-treated mice. Finally, RNA
sequencing of atrial tissue showed 40 differentially expressed genes at a false discovery rate
of 0.1 (Figure 1L; Table II in the Data Supplement), with enrichment of 18 gene clusters/
pathways including epithelial to mesenchymal transition, I1L-6/Jak/Stat, and interferon a and
v and inflammatory responses (Figure 1M; Figure Il in the Data Supplement).

Recently it has been shown that long-term ibrutinib treatment enhances CaMKI| signaling
and dysregulates calcium handling in the murine atrial cardiomyocytes.22 We replicated the
finding that ibrutinib treatment significantly increased the ratio of phosphorylated CaMKI|I
to total CaMKII levels in LA tissues compared with vehicle treatment (Figure 111 in the
Data Supplement), indicating elevated CaMKII activity associated with long-term ibrutinib
administration.

Ibrutinib Increases Susceptibility to Atrial Arrhythmias in Mice Lack of BTK

Ibrutinib not only inhibits BTK, but also potently inhibits multiple other kinases.32 We
sought to determine whether ibrutinib’s proarrhythmic side effect is because of BTK
inhibition, or rather, an off-target effect. B7K*@mice, which harbor a mutation in the BTK
gene resulting in loss of BTK activity and X-linked immune deficiency,33:34 were treated
with either ibrutinib or vehicle control according to the same 4-week protocol (Figure

2A), and subjected to electrophysiology studies for AF inducibility. If BTK is the relevant
target, we might expect that even vehicle treated B7A*@ mice would have inducible AF, but
BTK* mice did not demonstrate AF inducibility (Figure 2B). On the other hand, ibrutinib
treatment of BTK*™? mice resulted in a significant increase in AF inducibility compared
with vehicle-treated mice, which, accompanied by LA enlargement (Figure 2C) and fibrosis
(Figure 2D and 2E strongly suggests non-BTK targets play a role in ibrutinib-induced AF.

Ibrutinib Cardiac Kinase Targets Associated With AF

To identify candidate targets for ibrutinib-induced AF, we performed chemoproteomic
profiling of ibrutinib in cardiac tissue. In these experiments, cardiac lysates were incubated
with a biotinylated acylphosphate ATP derivative that irreversibly transfers biotin to
conserved lysine residues in the ATP-binding pocket of protein kinases and other ATP
binding proteins.3°:3¢ Isolation of biotin tagged proteins in the presence and absence of
ibrutinib allowed identification of ibrutinib targets in the murine cardiac tissue lysates
(Figure 2F). We identified 5 kinases that were inhibited by >90% with 10 uM ibrutinib:

Circulation. Author manuscript; available in PMC 2022 November 14.
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BTK, FYN, MEKS5, CSK, and RIPK3 (Figure IVA in the Data Supplement). We then
studied the second generation BTK inhibitor, acalabrutinib, which to date has not been
associated with AF in CLL patients.3” We first confirmed that a 4-week exposure of mice

to daily acalabrutinib injections did not cause AF—further supporting a non-BTK, off-target
mechanism for AF induction (Figure VA and VE in the Data Supplement). We then repeated
the chemoproteomic experiments using acalabrutinib in place of ibrutinib, identifying BTK
and RIPK3 as specific cardiac acalabrutinib targets (Figure VB in the Data Supplement).
Comparison of ibrutinib and acalabrutinib targets allowed us to narrow the candidate kinases
associated with AF susceptibility to FYN, MEKS5, and CSK (Figure 2F).

To evaluate the 3 remaining kinases, we performed additional experiments in mice.
Treatment of mice with the FYN inhibitor saracatinib38 for 4 weeks did not result in
increased AF (Figure VB and VE in the Data Supplement). Further, the global Fyn
knockout mouse Fy77/=39 had no increase in AF either (Figure VC and VE in the Data
Supplement). Because Fyn has been reported to phosphorylate and modify the activity of
the cardiac sodium channel, %0 we recorded the sodium currents from atrial cardiomyocytes
isolated from ibrutinib or control treated mice. We observed no difference in the activation
and inactivation voltage dependence between these groups (Figure IF-IH in the Data
Supplement). In aggregate, these data argue against FYN as the AF relevant target of
ibrutinib. Similarly, treatment of mice with MEKS5 inhibitor BIX-0218841 for 4 weeks did
not lead to an increase in AF inducibility (Figure VD and VE in the Data Supplement).

Cardiac Knockout of CSK Predisposes the Heart to Atrial Arrhythmia

We turned our focus to CSK. CSK is a nonreceptor protein tyrosine kinase that
phosphorylates residues on the c-terminal end of Src kinase family members, rendering
them inactive.#2:43 CSK is expressed in the adult heart at higher levels in the atrium than

in the ventricle in both mouse (Figure 2G) and humans (Figure 2H), which may suggest

a greater reliance on CSK to keep Src family kinases quiescent in the atrium and could
account for the observation of more atrial than ventricular arrhythmias in ibrutinib-treated
patients. To obtain a cardiac specific knockout of Csk, we generated a MHC/mercremercgy /i
mice where CSK can be temporally deleted in cardiomyocytes by treatment with tamoxifen
(aMHC Csk™'7).18.19 To mimic the ibrutinib treatment protocol, mice were studied 28

days after a five day tamoxifen treatment (Figure 3A and 3B). The aMHC Csk™'~ mice
demonstrated increased AF (Figure 3C) compared with controls (tamoxifen treated Csk/
mice), with slowed AV node conduction properties but without changes in atrial effective
refractory period or PR interval (Figure VIA-VIE and Table 11l in the Data Supplement).
Histological studies revealed marked cardiac fibrosis (Figure 3D and 3E, and Figure VIG
and VIH in the Data Supplement), as well as a cellular infiltrate in the atria of aMHC
Csk'= mice (Figure V11 in the Data Supplement). The cells were positive for staining with
CD68, suggesting that the infiltrate consists of monocyte/macrophage lineage cells (Figure
3F and 3G). MRI studies showed preserved ventricular ejection fraction and increased LA
size (Figure 3H and 3I; Figure VI1J and VIK in the Data Supplement). Circulating TNFa
and IL-6 levels were both higher in the aMHC Csk™~ mice compared with controls (Figure
3J and 3K). TUNEL staining showed increased apoptotic cells in the LA tissue of aMHC
Csk™'~ mice (Figure VIL and VIM in the Data Supplement). RNA sequencing of atrial
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tissue from aMHC Csk™'~ versus control mice demonstrated 896 differentially expressed
genes at an false discovery rate of 0.1 (Figure 3L; Table IV in the Data Supplement) and

18 enriched gene clusters/pathways including interferon a and -y, epithelial to mesenchymal
transition, inflammatory response, and IL6/JAK/STAT (Figure 3M; Figure VIN in the Data
Supplement). Of the 18 enriched pathways, 15 are in common with the ibrutinib-treated
mice (Figure 3N). Taken together, these data suggest that CSK loss in the myocardium
recapitulates cardiac findings in the ibrutinib-AF model and suggests that CSK is the likely
kinase target for ibrutinib-mediated AF.

CSK Inhibitors Are Associated With Increased Risk of AF in Patients

We next asked whether other kinase inhibitors approved for cancer treatment which inhibit
CSK also increase the risk of AF. We performed a disproportionality analysis** using the
international pharmacovigilance database, VigiBase.30 We selected U.S. Food and Drug
Administration—approved anticancer kinase inhibitors whose activity against CSK was
available in the literature or in public databases, identifying 5 CSK inhibitors (Crax>1Cs0)
and 11 weak/noninhibitors (Cynax<ICsp; Figure VII and Table V in the Data Supplement).
Disproportionality analysis in 19.5 million individual case safety reports in VigiBase were
first evaluated by the information component, a Bayesian estimator, comparing AF reporting
rate with each of these 16 kinase inhibitors versus all other drugs in the entire database.
Information component reporting for AF with each of these kinase inhibitors was found

to be associated with their Cra/1Csq values (r=0.72; P=0.003; Figure 4A) demonstrating
that the reporting rate of AF as a side effect correlates with the level of CSK inhibition.
Then, we used the reporting odds ratio, a frequentist estimator, to compare AF reporting
rate with CSK inhibitors (n=5) versus CSK noninhibitors (n=11). In these analyses, the
numerator is the number of AF adverse drug reactions reported and the denominator is the
total number of adverse drug reactions reported with a drug or a group of drugs. Reporting
rate of AF with CSK inhibitors (2157 of 79 987 [2.7%]) versus noninhibitors (626 of 180
858 [0.35%]) resulted in a reporting odds ratio of 8.0 (95% CI, 7.3-8.7; A<0.0001; Figure
4B). The sensitivity analysis after removing ibrutinib from the CSK inhibitor group revealed
that the association between CSK inhibitors and AF (425 of 50 986 [0.84%]) versus CSK
noninhibitors (649 of 182 691 [0.35%]) remained significant, with a reporting odds ratio
of 2.4 (95% Cl, 2.1-2.7; /<0.0001). These data suggest that off-target inhibition of CSK
increases the risk of AF even for drugs other than ibrutinib.

DISCUSSION

Although ibrutinib has demonstrated impressive efficacy in the treatment of CLL and other
B-cell lymphomas, its use can be limited by AF. We used a combination of approaches
ranging from murine models to human studies to determine that ibrutinib-mediated AF

is attributable to off-target inhibition of CSK. Consistent with these findings, there are

no reports of increased AF in BTK-deficient patients suffering from Bruton X-linked
agammaglobulinemia.

CSK is an endogenous inhibitor, or brake, on Src family tyrosine kinases (SFKs).4> C-
terminal phosphorylation by CSK inactivates SFKs, and conversely, CSK inhibition leads to
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increased SFK activity. SFKs are involved in many cellular functions: cell proliferation,
differentiation, survival, adhesion, migration, programmed death, inflammation, and
others.#® There is a fine balance between CSK phosphorylation and SFK activation and
altering this balance can lead to deleterious effects. Germline Csk knockout in mice is
embryonically lethal with homozygous knockout embryos exhibiting defects in the neural
tube, increased activity of SFKs, and death on days E9.5 to E10.5.4346 Conditional
systemic or cell-type specific knock out of Csk shows increased SFK activity and increased
inflammation.18:43.47.48 The role of CSK in the heart is unclear. We found CSK is present
in the heart and is enriched in the atria compared with ventricle. Furthermore, deleting
Cskin adult mouse heart results in cardiac fibrosis, atrial enlargement, increased atrial
macrophages, increased circulating cytokines, apoptosis, and atrial arrhythmias. Differential
gene expression in Csk knockout mice demonstrated that 15 of the 18 dysregulated
pathways are in common with ibrutinib-treated mice, including several inflammatory
pathways. Ibrutinib potently inhibits CSK in the heart. Pharmacokinetic studies of ibrutinib
show that CSK is tonically inhibited by ibrutinib as plateau concentrations of ibrutinib
continuously exceed its 1Cso for CSK.49 It is possible that long-term administration of
ibrutinib suppresses CSK, which leads to increased inflammation and fibrosis predisposing
the heart to AF.

Limited studies have started to investigate the arrhythmogenic mechanisms contributed

to ibrutinib-associated AF. In a mouse model of 4-week ibrutinib administration, Jiang

et al observed higher AF inducibility, increased LA mass and fibrosis, and abnormal
calcium handling related to increased CaMKI| activity.22 They concluded that structural
remodeling and Ca2* handling disorders in the atrium are likely the underlying mechanisms
for ibrutinib-induced AF. Our results support structural remodeling of the left atrium
accounting for the proarrhythmic effects of ibrutinib. Furthermore, our observation that
short-term ibrutinib treatment did not increase inducible AF and long-term ibrutinib

did not alter AP and Iy in LA cardiomyocytes suggests that electric remodeling is

not the underlying mechanism for ibrutinib-associated AF. We also observed increased
CaMKII phosphorylation in the LA after long-term ibrutinib treatment. CaMKII is a
multifunctional protein in the cardiomyocytes acting as a link between Ca?* dysregulation
and AF.50 Activation of CaMKII can trigger inflammatory gene expression and activation
of the nucleotide oligomerization domain-like receptor pyrin domain-containing protein 3
inflammasome in the cardiomyocytes in response to stress signals.®! Increased CaMKI|
activity in long-term ibrutinib exposure likely contributes to increased inflammation and
may increase phosphorylation of downstream Ca2* handling proteins.?2:°0 However, further
work will be required to determine the links between CSK and CaMKII.

To determine whether CSK inhibition may increase risk of AF in other settings, we
performed a pharmacoepidemiologic study of approved anticancer kinase inhibitors and
their associated AF cases using the VigiBase drug side effects database. We found that
drugs that inhibit CSK are more highly associated with AF adverse drug reactions than
those that do not. This points to CSK as a general AF target that should be avoided

during drug development. Interestingly, there are more selective BTK inhibitors, including
acalabrutinib, that do not inhibit CSK. While the data with acalabrutinib are preliminary, it
is thought to have less risk of AF compared with ibrutinib. CSK inhibition is not thought
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to be necessary for ibrutinib’s efficacy. While early results from acalabrutinib studies have
demonstrated efficacy in the same range as ibrutinib, we await the results of direct head to
head comparison between these 2 drugs, which is underway (https://www.clinicaltrials.gov;
Unique identifier: NCT02477696).37:52

In recent years, ibrutinib has been moved to earlier and front-line therapy for a number of
different hematologic malignancies particularly CLL; however, this has been accompanied
by considerable challenges for the clinician. In particular, the presence of AF in ibrutinib-
treated patients is accompanied by an increased risk of bleeding making the introduction
of anticoagulation challenging.5® Therefore, there is a pressing need to better delineate
mechanisms for ibrutinib-associated AF. Our data also has implications for other BTK
inhibitors that are being tested clinically. Although the data are still unclear with respect
to AF risk associated with these new agents, the inhibition of CSK by these other kinase
inhibitors may be determinative in any AF signals seen. Our data suggests a previously
unappreciated role for CSK in AF and may have implications for AF more broadly.
Cardiooncology has emerged as a clinical need because of the explosion of cancer therapies
and adverse effects on the cardiovascular system. Because of the targeted nature of novel
oncology drugs, cardiovascular sequelae (initially observed in patients) may provide new
insights into cardiovascular biology.>*

We acknowledge several limitations in our studies. We observed a less severe cardiac
phenotype in ibrutinib-treated mice compared with cardiac deletion of Csk. This may be
explained by the fact that ibrutinib not only inhibits CSK, activating Src family kinase
members, but also less potently inhibits several of the Src family kinases themselves,
possibly blunting the effects of CSK inhibition. The pharmacological agents we used have
off-target effects, as well. For instance, saracatinib inhibits FYN, but also SRC and ABL.38
Whenever possible we also analyzed genetic knockout models, which are more specific. We
acknowledge that murine AF is different in many ways from human AF and thus may not
model many aspects of the human arrhythmia.

In conclusion, our results demonstrate a previously unappreciated role for CSK and
downstream targets in arrhythmogenesis and AF specifically. Further, our findings that
kinase inhibitors with potent activity against CSK are significantly associated with AF,
compared with those that do not, strongly suggest that CSK inhibition should be avoided
during drug development. It remains to be seen whether perturbations in CSK and
downstream targets contribute to AF seen in the general population.
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Clinical Perspective
What Is New?

. We found that ibrutinib-induced atrial fibrillation in a murine model is
accompanied by atrial fibrosis, remodeling, and increased inflammation.

. We also found that the proarrhythmic side effect of ibrutinib, causing atrial
fibrillation, is not a result of its on-target inhibition of Bruton tyrosine kinase,
but instead is a result of off-target inhibition of C-terminal Src kinase.

What Are the Clinical Implications?

. Second generation Bruton tyrosine kinase inhibitors with increased specificity
that avoid C-terminal Src kinase inhibition may also avoid the proarrhythmic
side effects of ibrutinib.

. Caution should be exercised with drugs that potently inhibit C-terminal Src
kinase as they confer increased risk of atrial fibrillation.

Circulation. Author manuscript; available in PMC 2022 November 14.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Xiao et al.

Page 19

A W [ i.p. injections 1 x 25mg/kg/day >
~ L I CTL O BR
o SN | T
/ Day 0 Day 28
C57BL/6)
B cTL IBR Cc
- ‘ 501
&Y ok
3" £ 401
>
g g Khﬂv\hﬁ*F4T”H~*P4TqT\H ! L L t LL Lh L 3 N
EL o
25 ‘ ‘mm NI LA LN EN
w £
w
) W bbb T
£ 2 Wty et
£ S ey 14 od
o
- o Toom oo CTL IBR
D E F
5
S
g / g 4 *k
o 2
O 3 *
ao] *k
| g 2
o< <
[aa] P4 1
- =
0
Fn1 Col1at Col3a1
G | J K
10 10
L =
E 8 80 E
Q 9 < g
6 8 60 1
w w
u g
4 q| > 40 =
o« &
@ 2 20 8
0 0
CTL IBR CTL IBR
L M
Log2[CPM] NES
05 10 1‘5 20 25 FDR
Interferon « ponse] ] FO
Interferon yResponse-] 1 }o
Allograft Rejection] Lo
Epithelial ition ] ] o
ponse J a4
Ce lation§ 1] I 0.002
KRAS Signaling Up+ ] I 0.007
Apical Junctiond Foo17
Wt pCati Sigraiog ) [ oore
Mitotic Spindle] E F0.016
Xenobiotic Metabolism I 0.029
IL-6 JAK STAT3 Signaling+4 I 0.033
Estrogen Response Early F0.034
UV Response DN+ I 0.033
Notch Signaling F 0.045
esis ] I 0.048
poptosisf ] I 0.061
Bile Acid Metabolism4___————— I 0.059

CTL IBR

Figure 1. Long-term ibrutinib treatment predisposes mice to AF.
Evaluation of ibrutinib effects on C57BL/6J wild-type mice. A, Experimental outline

of ibrutinib administration in C57BL/6J mice. Mice received intraperitoneal injection of
ibrutinib (IBR) or vehicle (CTL) at 25 mg-kg=1-d1 for 4 weeks (28 days), followed by in
vivo electrophysiology studies. B, Representative surface lead 11 ECG, intracardiac atrial and
ventricular electrogram recordings showing AF after atrial burst pacing in ibrutinib-treated
mice (IBR), but not in CTL. C, AF inducibility in CTL (n =9) and IBR (n = 8). Data are
mean+SEM percentage of successfully induced atrial arrhythmia episodes during invasive
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EP studies. ***/<0.0001, Fisher exact test. D, Histological images of Masson trichrome
stain of LA fibrosis in CTL and IBR. E, Quantification of tissue fibrosis levels (%) in LA
sections from CTL and IBR mice. Data are mean+SEM, n = 17 LA regions of interest

from 5 CTL mice, n=22 LA regions of interest from 5 IBR mice. ***/<0.0001, unpaired
Student ftest. F, Mean£SEM of Fni, Collal, and Col3a1 mRNA levels in LA tissues from
CTL and IBR mice. n=5 mice per group. */<0.05, **F<0.01, unpaired Student ftest. G,
Representative cardiac magnetic resonance images of 4-chamber views (left) and ventricular
short axis views (right) from CTL and IBR mice. LA is highlighted in the 4-chamber view.
H and I, Quantification of LA sizes (H) and left ventricular ejection fraction (I) measured
by MRI after 4 weeks of ibrutinib treatment. Data are mean+SEM, n=6 mice in CTL and
n=8 mice in IBR. */<0.05, unpaired Student ¢test. J and K, Quantification of plasma

levels of TNFa (J) and IL-6 (K) after 4 weeks of ibrutinib treatment. Data are mean£SEM,
n=13 mice in CTL and n=11 mice in IBR. */<0.05, unpaired Student #test (J) or Mann-
Whitney test (K). L, Heatmap of expression levels of 40 differentially expressed genes from
RNAseq data of 3 CTL and 3 IBR LA tissues. M, Gene set enrichment analysis shows 18
differentially regulated gene categories/pathways in LA after 4 weeks of ibrutinib treatment.
Barplot of gene set enrichment analysis NES with false discovery rate on the right. AF
indicates atrial fibrillation; CPM, counts per million; ECG, electrocardiography; LA, left
atrial; and NES, normalized enrichment score.
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Figure 2. Ibrutinib causes atrial fibrillation through off-target effects.
Evaluation of ibrutinib effects on mice lacking BTK. A, Experimental outline of ibrutinib

administration in BTK mutant CBA/CaHN-BTK*4/J mice lacking active BTK (Btk*)

and strain-matched wild-type CBA/CaJ (WT). Mice received intraperitoneal injection of
ibrutinib (IBR) or vehicle (CTL) at 25 mg-kg™=1-d~1 for 4 weeks (28 days), followed

by in vivo electrophysiology studies. B, AF inducibility in WT and Btk after 4-week
ibrutinib or vehicle treatment. Data are mean+SEM percentage of successfully induced atrial
arrhythmia episodes during invasive EP studies in WT CTL, n=5, WT IBR, n=7, BtkX'd
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CTL, n=6, and Btk*" |BR n=8 mice. */<0.05, Fisher exact test. C, Data are LA diameters
measured by echocardiography before (D0) and after 4 weeks (D28) of ibrutinib (IBR) or
vehicle (CTL) injections in WT and Btk*@mice (n=7 mice in WT CTL; n=7 in WT IBR;
n=5in Btk*"@ CTL; n=8 in Btk*"? 1BR). *P<0.05, DO vs D28, paired Student ¢test. D,
Representative sections of Masson trichrome stain of LA fibrosis in CTL and IBR of WT
and Btk*@ mice. E, Mean+SEM LA fibrosis levels (%) in LA sections of WT CTL (n=5
regions of interest from 2 mice), WT IBR (n=7 from 3 mice), Btk CTL (n=6 from 3
mice), and BtkX™ 1BR (n=9 from 4 mice). *£<0.05, ** £<0.01, 1-way ANOVA with Sidak
posttest. F, Workflow of chemoproteomic kinase profiling of ibrutinib and acalabrutinib
targets in mouse heart. Five kinases and 2 kinases detected to be inhibited by >90% were
identified as ibrutinib or acalabrutinib targets in the heart. A Venn diagram shows the
overlap of 2 kinases inhibited by both ibrutinib and acalabrutinib. G, MeantSEM CSK
protein levels normalized to GAPDH levels in paired LA and LV tissues from adult wild-
type C57BL/6J mice (n=5 mice; bottom). **/<0.01, paired Student ftest. CSK protein is
detected at ~50 kDa on Western blot (top). H, The expression level of CSK in human heart
was evaluated from MS-based protein intensity measurements performed on heart biopsies
collected from LA and LV from 6 living humans. Normalized raw intensities measured for
CSK are shown. Individual measurements from LA or LV are depicted dots. The relative
protein expression levels of CSK in atrial and ventricular biopsies were compared by a
paired Student ftest. A=0.009. The box in the box-and-whisker plot shows the quartiles

of the dataset while the whiskers represent the CI (95%) by bootstrapping. AF indicates
atrial fibrillation; BTK, Bruton tyrosine kinase; CSK, c-Src terminal kinase; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase; i.p., intraperitoneal; LA, left atria; LC, liquid
chromatography; LV, left ventricle; and MS, mass spectrometry.
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Figure 3. Cardiac-specific knockout of CSK causes AF and increases LA interstitial fibrosis, LA
size, CD68+ macrophages, and plasma TNFa and IL-6 levels.

A, Experimental outline. Cardiac specific deletion of Cskwas induced in a MHCTercremer
Csk™f mice after 5 daily doses of tamoxifen injection (a MHC Csk™!-). Littermate
Csk™f mice receiving the 5-dose tamoxifen treatment were used as control (CTL).

In vivo electrophysiology studies were performed on day 32, 4 weeks after the

last dose of tamoxifen. B, Polymerase chain reaction analyses of Csk™ (CTL) and
aMHcmereremer Csidfl (q MIHC Csk™'™) heart and spleen tissues 4 weeks posttamoxifen
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show cardiac specific deletion of Cskallele (Csk4) in aMHC Csk™'~ mice. C, Atrial
fibrillation inducibility in CTL and aMHC Csk™~ mice 4 weeks after tamoxifen treatment.
Data are mean+SEM percentage of successfully induced atrial arrhythmia episodes during
invasive EP studies. n=6 mice per group, ***/<0.0001, Fisher exact test. D, Images of
Masson trichrome stain of LA fibrosis in CTL and aMHC Csk™'~ mice. E, Mean+SEM

LA fibrosis levels (%) in LA sections of CTL (n=8 ROls from 3 mice) and aMHC Csk™!~
(n=13 from 3 mice) mice. ***P<0.0001, unpaired Student #test. F, Immunofluorescence
images of LA sections stained for CD68 (green) and DAPI(blue) in CTL and aMHC
Csk™'~ mice. G, Quantification of CD68" cells in LA sections of CTL (n=16 HPFs from

3 mice) and aMHC Csk™'~ (n=13 from 3 mice). Data are mean+SEM; ***£<0.0001,
unpaired Student ftest. H, Representative cardiac magnetic resonance images of CTL and
aMHC Csk™~ mice. I, Data are LA volumes obtained by cardiac MRI on CTL and aMHC
Csk'= mice before and 4 weeks posttamoxifen treatment (n=3 mice for CTL and n=4

mice for aMHC Csk™'-). Data are mean+SEM, *P<0.05, paired Student #test. J and K,
Quantification of plasma TNFa (J) and IL-6 (K) levels in CTL (n=7) and aMHC Csk™'~
(n=7) mice. Data are mean+SEM, */<0.05, ** £<0.01, nonparametric Mann-Whitney test.
L, Heatmap of expression levels of 896 differentially expressed genes from RNAseq data
of 2 CTL and 2 aMHC Csk™'~ LA tissues. M, Gene set enrichment analysis shows 18
differentially regulated categories/pathways in LA after cardiac Csk knockout. Barplot of
gene set enrichment analysis NES with false discovery rate on the right. N, A Venn diagram
shows the overlap of 13 differentially regulated gene categories/pathways between ibrutinib-
treated mice and cardiac Csk knockout mice. AF indicates atrial fibrillation; CPM, counts
per million; CSK, C-terminal Src kinase; DAPI, 4 *,6-diamidino-2-phenylindole; HPF, high
power fields under 40x objective; LA, left atria; NES, normalized enrichment score; and
ROI, region of interest.
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Figure 4. CSK inhibition is highly associated with atrial fibrillation in individual case safety
reports gathered in the international pharmacovigilance database, VigiBase.

A, Data are Crax/CSK 1Csq against atrial fibrillation information component (a Bayesian
disproportionality estimator) for 16 kinase inhibitors that are reported to inhibit CSK

with various potency (ICsps range from 2.2 nmol/L to 66 pmol/L; Table V in the Data
Supplement) out of all kinase inhibitors approved by U.S. Food and Drug Administration

as anticancer drugs. CSK inhibitors are defined as C4/CSK 1C5p>1, and mild or not CSK
inhibitors have Cihax/IC50<1. B, ROR for AF cases over total number of ICSRs on CSK
inhibitors compared with the non-CSK inhibitors (mild or not CSK inhibitors). AF indicates
atrial fibrillation; CSK, C-terminal Src kinase; ICSR, individual case safety reports; and
ROR, reporting odds ratio.
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