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Distinct Effects of lbrutinib and Acalabrutinib
on Mouse Atrial and Sinoatrial Node
Electrophysiology and Arrhythmogenesis
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BACKGROUND: Ibrutinib and acalabrutinib are Bruton tyrosine kinase inhibitors used in the treatment of B-cell lymphoprolifera-
tive disorders. Ibrutinib is associated with new-onset atrial fibrillation. Cases of sinus bradycardia and sinus arrest have also
been reported following ibrutinib treatment. Conversely, acalabrutinib is less arrhythmogenic. The basis for these different
effects is unclear.

METHODS AND RESULTS: The effects of ibrutinib and acalabrutinib on atrial electrophysiology were investigated in anesthetized
mice using intracardiac electrophysiology, in isolated atrial preparations using high-resolution optical mapping, and in isolated
atrial and sinoatrial node (SAN) myocytes using patch-clamping. Acute delivery of acalabrutinib did not affect atrial fibrilla-
tion susceptibility or other measures of atrial electrophysiology in mice in vivo. Optical mapping demonstrates that ibrutinib
dose-dependently impaired atrial and SAN conduction and slowed beating rate. Acalabrutinib had no effect on atrial and SAN
conduction or beating rate. In isolated atrial myocytes, ibrutinib reduced action potential upstroke velocity and Na* current. In
contrast, acalabrutinib had no effects on atrial myocyte upstroke velocity or Na* current. Both drugs increased action potential
duration, but these effects were smaller for acalabrutinib compared with ibrutinib and occurred by different mechanisms. In
SAN myocytes, ibrutinib impaired spontaneous action potential firing by inhibiting the delayed rectifier K+ current, while acala-
brutinib had no effects on SAN myocyte action potential firing.

CONCLUSIONS: Ibrutinib and acalabrutinib have distinct effects on atrial electrophysiology and ion channel function that provide
insight into the basis for increased atrial fibrillation susceptibility and SAN dysfunction with ibrutinib, but not with acalabrutinib.
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nase (BTK), is an important therapeutic agent used

in the treatment of B-cell lymphoproliferative disor-
ders.'~3 New-onset atrial fibrillation (AF) occurs in up to
9% of patients treated with ibrutinib.®-® Furthermore,
heart rate reductions of =6 beats per minute in healthy
patients are noted in the ibrutinib product monograph,
with both sinus bradycardia and sinus arrest resulting in
pacemaker implantation reported in patients receiving
ibrutinib.®” Acalabrutinib, a more potent and selective

I brutinib, an irreversible inhibitor of Bruton tyrosine ki-

second-generation BTK inhibitor,® shows results of AF
in only 3% of patients with no reports of bradycardia.®
These clinical outcomes suggest distinct effects of
ibrutinib and acalabrutinib on atrial and sinoatrial node
(SAN) function, but the basis for these differences is
poorly understood.

We previously demonstrated that acute delivery
of ibrutinib (10 mg/kg) increased pacing-induced AF
in mice.'® This effect was reversible with 24 hours of
drug washout even after 14 consecutive days of drug
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CLINICAL PERSPECTIVE
What Is New?

The Bruton tyrosine kinase inhibitor, ibrutinib,
impairs sinoatrial node and atrial conduction
by blocking ionic currents in the sinoatrial node
(rapid delayed rectifier K* current) and atria (Na*
current and transient outward K* current), while
a related, second-generation inhibitor, acala-
brutinib, does not affect these currents.

What Are the Clinical Implications?

e These findings provide an explanation for the
occurrence of atrial fibrillation and sinoatrial
node dysfunction in patients receiving ibrutinib,
but not acalabrutinib, for the treatment of B-cell
lymphomas.

Nonstandard Abbreviations and Acronyms

4-AP 4-aminopyridine
AP action potential

APD action potential duration

BTK Bruton tyrosine kinase

CaMKIl  Ca*/calmodulin-dependent kinase I
CSK C-terminal Src kinase

CcVv conduction velocity

DD diastolic depolarization

lear L-type Ca®* current

) total K* current

Iy, rapid delayed rectifier K* current
lyur ultrarapid delayed rectifier K current
Ina Na* current

Lo transient outward K* current

MDP maximum diastolic potential

OAP opticalaction potential

RA right atrial

SAN sinoatrial node
Vipeey  Voltage for 50% channel activation
Vinax upstroke velocity

delivery.”® These observations suggest that an acute
reversible electrophysiological effect contributes to
ibrutinib-related AF, consistent with the clinical obser-
vation that discontinuation or dose reduction of ibruti-
nib can prevent AF recurrence.!

AF can result from the interaction of triggers and
a susceptible substrate for initiation and maintenance
of the arrhythmia.'?'3 Typically, early ectopic beats will
trigger AF upon encountering substrates of structural
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heterogeneities, altered refractoriness, or abnormal
impulse conduction. These factors can promote reen-
try, leading to AF maintenance.

Alterations in atrial action potential (AP) mor-
phology can cause conduction slowing and lead to
triggered activity resulting in AF'® Specifically, the
upstroke of the atrial AP (upstroke velocity [V,,,,]) iS
determined by the inward Na* current (l,, carried by
Na,1.5 channels) and is a major determinant of con-
duction velocity (CV).”> Repolarization relies on the
balance between inward L-type Ca?* current (Is, .,
carried by Ca,1.2 and Ca,1.3 channels) and several
outward K* currents including the transient outward
K* current (l,,, carried by K,4.2/4.3 channels), the ul-
trarapid delayed rectifier K* current (I, carried by
K 1.5 channels), a steady-state K* current (carried
by K,2.1 channels), and, depending on species and
location, rapid (l,) and slow (I, components of the
delayed rectifier K+ current.'>'%' The inward rectifier
K* current also contributes to repolarization as well
as maintenance of the resting membrane potential.'
Alterations in repolarization can affect AP duration
(APD), which can be proarrhythmic by causing con-
duction block or triggered activity."?

Heart rate is determined by the automaticity of the
SAN.'617 Specifically, SAN myocytes generate sponta-
neous APs in association with a diastolic depolarization
(DD) between successive APs. A number of ion chan-
nels contribute to the generation of spontaneous APs,
including the hyperpolarization activated current (carried
by HCN4) and |, , which each affect the slope of the
DD, as well as |, which affects repolarization, maximum
diastolic potential (MDP), and ability to generate a DD.6-'®

The goal of this study was to investigate the ef-
fects of ibrutinib and acalabrutinib on atrial and SAN
electrophysiology and arrhythmogenesis. We demon-
strate that these drugs have distinct effects on atrial
and SAN conduction, ion channel function in atrial and
SAN myocytes, and AF susceptibility in vivo. These
findings provide an explanation for the distinct clinical
outcomes of ibrutinib compared with acalabrutinib.

METHODS

The data from this study and the materials used are
available from the corresponding author upon reason-
able request.

Mice

This study was conducted using male C57BL/6 mice
between the ages of 8 and 15 weeks. All experimen-
tal procedures were approved by the Animal Care
and Use Committees of the University of Calgary and
Western University and were in accordance with the
guidelines of the Canadian Council on Animal Care.
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In Vivo Electrophysiology and Arrhythmia
Studies

Mice received an acute dose of either acalabrutinib
(10 mg/kg) or vehicle (trappsol) by oral gavage followed
by an intracardiac electrophysiology study 90 min-
utes after drug delivery. This dose was selected to
directly compare with previous studies demonstrating
that similar, clinically relevant doses of ibrutinib lead to
pacing-induced AF."® This dose of acalabrutinib would
yield higher serum concentrations compared with
ibrutinib,'® ensuring that any effects on AF would be
identified. Acalabrutinib was solubilized in trappsol dis-
solved in distilled water and delivered by oral gavage
in a single dose. Intracardiac studies were performed
as we have previously described.'®?° Arrhythmia in-
duction used both programmed electrical stimulation
and burst pacing (2-ms pulses at 50 Hz, 400-ms burst
duration) to determine susceptibility to AF (rapid atrial
activity lasting >1 second) as well as atrial effective re-
fractory period, ventricular effective refractory period,
atrioventricular node effective refractory period, and
Wenckebach cycle length. Additional information is
available in Data S1.

High-Resolution Optical Mapping

Activation patterns and electrical conduction in the
atria and right atrial (RA) posterior wall (ie, SAN re-
gion) were investigated using high-resolution optical
mapping in isolated atrial preparations as previously
described.?-28 Atrial preparations were immobilized
using blebbistatin (10 umol/L). Changes in fluores-
cence were captured using the voltage-sensitive dye
RH-237 (15 pmol/L) and a CMOS camera (SciMedia)
at 1000 frames per second. Experiments were con-
ducted in sinus rhythm and during pacing at 8 Hz.
All experiments were performed at 37 °C. Data were
analyzed using custom software written in MATLAB
(MathWorks). Further details are available in Data S1.

Patch-Clamping of Isolated Atrial and
SAN Myocytes

RA and SAN myocytes were isolated from mice by en-
zymatic digestion as we have previously described.?3-2°
These myocytes were used to record APs and ionic
currents by whole-cell patch-clamp at room tempera-
ture (21-23 °C). The solutions and experimental pro-
tocols for each of these approaches are available in
Data S1.

Drug Doses

In optical mapping and patch-clamp studies, ibrutinib
was primarily delivered acutely at concentrations of
0.1 ymol/L or 10 pmol/L. The lower dose (0.1 pmol/L)
was used in some experiments to determine whether
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lower concentrations of ibrutinib produced similar ef-
fects to the higher dose. Note that in some experi-
ments in isolated SAN myocytes, ibrutinib was used at
an even lower dose of 0.05 pmol/L, which was neces-
sary to observe effects without complete suppression
of AP firing. Acalabrutinib was used at concentrations
of 10 pmol/L and 50 pmol/L in isolated tissues. The
dose of 10 umol/L was used to directly compare with
ibrutinib while the higher dose was used to ensure that
an absence of effects at 10 ymol/L was not dose re-
lated. These concentrations of ibrutinib and acalabruti-
nib span a range that is expected to approximate those
achieved at the doses used for in vivo studies.

Statistical Analysis

All data are expressed as mean+SEM. Statistical
analysis was conducted using Prism version 8.3.1
(Graphpad Software). Data were analyzed using Fisher
exact test, paired Student t test, 1-way repeated
measures ANOVA with a Tukey post hoc test, 2-way
repeated measures ANOVA with a Tukey post hoc test,
or a mixed effects analysis with a Tukey post hoc test
as indicated in the figure legends. Mixed effects analy-
sis was used in instances when a value was missing
from a data set, which prevented the use of 1-way or
2-way ANOVAs. P<0.05 was considered statistically
significant.

RESULTS

Effects of Acalabrutinib on Atrial
Electrophysiology In Vivo

Previously, our group showed that acute administra-
tion of ibrutinib (10 mg/kg) significantly increases AF
susceptibility in mice.'® To assess whether acalabru-
tinib had similar effects on AF susceptibility, intracar-
diac electrophysiology studies were conducted in mice
given a single acute dose of acalabrutinib (10 mg/kg)
or vehicle control. No AF was observed in any mice
(12 given acalabrutinib and 14 given vehicle) (Table
and Figure S1). Furthermore, acalabrutinib had no
significant effects on other measures of atrial or car-
diac electrophysiology including atrial effective refrac-
tory period, Wenckebach cycle length, atrioventricular
nodal effective refractory period, or ventricular effective
refractory period (Table 1). These data indicate that,
unlike ibrutinib, acalabrutinib is not associated with in-
creased AF susceptibility.

Effects of Ibrutinib and Acalabrutinib on
Atrial Electrophysiology in Isolated Atrial
Preparations

Next, we sought to directly assess the effects of ibru-
tinib and acalabrutinib on atrial electrical conduction
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patterns and atrial optical AP (OAP) morphology using
high-resolution optical mapping in isolated atrial prep-
arations. Representative activation maps (Figure 1A)
and OAPs from the right and left atria (Figure 1B) dem-
onstrate that conduction time across the atria was
slowed and OAPs were prolonged following superfu-
sion with ibrutinib. Beating rate in atrial preparations
was dose-dependently reduced in the presence of
ibrutinib (0.1 umol/L and 10 umol/L). This effect was
partially reversible upon washout but remained re-
duced compared with baseline (Figure 1C). Ibrutinib
also dose-dependently decreased right (Figure 1D)
and left (Figure 1E) atrial CV in atrial preparations in
sinus rhythm. In addition, ibrutinib dose-dependently
prolonged RA (Figure 1F) and left atrial (Figure 1G)
APD, measured at 70% repolarization in atrial prepara-
tions in sinus rhythm. The effects of ibrutinib on atrial
CV and APD were reversible upon drug washout. The
effects of ibrutinib on atrial electrophysiology were also
measured in atrial preparations paced at 8 Hz to ac-
count for rate-dependent effects. The effects of ibruti-
nib on atrial CV and APD in paced preparations were
similar to those observed in sinus rhythm (Figure S2).

Next, the effects of acalabrutinib on atrial electro-
physiology were investigated at doses of 10 pmol/L
and 50 pmol/L. In contrast to ibrutinib, representative
activation maps (Figure 1H) demonstrate similar con-
duction patterns and conduction times before and
after application of acalabrutinib. Representative OAPs
(Figure 11) show that acalabrutinib resulted in APD pro-
longation. There were no effects of acalabrutinib on
atrial preparation beating rate (Figure 1J). Furthermore,
acalabrutinib had no significant effects on right
(Figure 1K) or left (Figure 1L) atrial CV in atrial prepara-
tions in sinus rhythm at either dose. Nevertheless, APD
at 70% repolarization was prolonged in both atria fol-
lowing superfusion of acalabrutinib, particularly at the
higher dose (Figure 1M and 1N). The effects of aca-
labrutinib on atrial CV and APD were similar in atrial
preparations paced at 8 Hz (Figure S2).

Effects of Ibrutinib and Acalabrutinib on
Atrial Myocyte Electrophysiology

To further investigate the basis for the distinct effects
of ibrutinib and acalabrutinib on atrial electrophysi-
ology, AP morphology (Figure 2A) was measured in
isolated RA myocytes by patch-clamping. lbrutinib
(10 pmol/L) had no significant effect on resting mem-
brane potential (Figure 2B) but significantly reduced
V.. @nd overshoot (Figure 2C and 2D; Table S1).
Consistent with optical mapping studies, ibruti-
nib also prolonged APD throughout repolarization
in isolated atrial myocytes (Figure 2E through 2H,
Table S1). These effects were reversible upon wash-
out. In contrast, acalabrutinib (10 pmol/L and 50
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umol/L doses) had no significant effects on resting
membrane potential, V,,,, or overshoot (Figure 2l
through 2L, Table S2). The lower dose of acalabru-
tinib (10 umol/L) also had no significant effect on
APD; however, it did prolong APD at the higher dose
(50 pmol/L) (Figure 2M through 2P, Table S2).

To determine the basis for the changes in atrial AP
morphology, the effects of ibrutinib and acalabrutinib
on ionic currents were investigated. Because ibruti-
nib reduced APV, in atrial myocytes, we measured
Iy, following acute application of ibrutinib (10 pmol/L;
Figure 3A). Iy, I-V curves demonstrate that ibrutinib
reduced |, density (Figure 3B) in association with
a reduction in I, conductance as measured from
steady-state activation curves (Figure 3C). These ef-
fects of ibrutinib on |, density and conductance were
reversed upon washout. While conductance was re-
duced, ibrutinib had no significant effects on |, voltage
for 50% channel activation (V, ) (Figure 3D) or slope
factor (Figure 3E). lbrutinib also had no significant ef-
fects on I, steady-state inactivation (Figure 3F through
3H). In contrast, acalabrutinib had no significant effects
on Iy, current density or |, conductance even at the
higher 50 umol/L dose (Figure 4).

To investigate the basis for APD prolongation, we
next measured repolarizing K" currents between —120
mV and +80 mV using voltage-clamp protocols with
and without a prepulse to inactivate 1,,2"22 (Figure 5A).
Summary |-V curves illustrate that ibrutinib (10 pmol/L)
reduced peak outward total K* current (I, when re-
corded with and without a prepulse (Figure 5B and 5C).
Furthermore, the difference in current between these
2 recordings demonstrates that ibrutinib reduced |,
(Figure 5D and 5E). These effects were reversible upon
washout. The effects of ibrutinib on |, measured as
the component of I, sensitive to 4-aminopyridine (4-
AP),%? were also assessed by superfusing atrial myo-
cytes with ibrutinib followed by 4-AP (100 pmol/L) in
the presence of ibrutinib (Figure 5F). Ibrutinib reduced
outward |, and subsequent application of 4-AP had
no further effect indicating that ibrutinib inhibited the
4-AP-sensitive I, (Figure 5G). lorutinib had no sig-
nificant effects on inward rectifier K* current as seen
at membrane potentials more negative than —80 mV
(Figure 5A through 5C).

Because only 50 umol/L of acalabrutinib prolonged
APD, we also investigated the effects of this dose of
acalabrutinib on I, (Figure 6A). Summary |-V curves
demonstrate that acalabrutinib reduced peak outward
lkaory When recorded with and without an inactivating
prepulse (Figures 6B and 6C); however, there was no
effect of acalabrutinib on |, (Figure 6D and 6E). Similar
to ibrutinib, acalabrutinib reduced the 4-AP-sensitive
I In atrial myocytes (Figure 6F). Acalabrutinib had
no significant effects on inward rectifier K* current
(Figure BA and 6B).
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Figure 1. Effects of ibrutinib and acalabrutinib on atrial electrophysiology.

A, Representative activation maps in isolated atrial preparations in sinus rhythm at baseline and after superfusion with 10 pmol/L
of ibrutinib. The right atrial (RA) appendage is on the left side of the image. Red indicates the earliest activation time. The color
scale indicates total conduction time across the atrial preparation. Scale bar: 2 mm. B, Representative RA (left) and left atrial
(right) optical action potentials (OAPs) at baseline and after superfusion with 0.1 pmol/L of ibrutinib (IBR (0.1)) or 10 pmol/L
of ibrutinib (IBR (10)). C, Summary of the effects of ibrutinib on beating rate. D and E, Summary of local right (D) and left (E)
atrial conduction velocities in sinus rhythm. F and G, Summary of right (F) and left (G) atrial action potential duration at 70%
repolarization (APD,,) in sinus rhythm. For panels C-G: *P<0.05 vs baseline, TP<0.05 vs IBR (0.1) by mixed effects analysis with a
Tukey post hoc test; n=4-7 atria per group. H, Representative activation maps from isolated atrial preparations in sinus rhythm
at baseline and after superfusion with 50 umol/L of acalabrutinib. Scale bar: 2 mm. I, Representative RA (left) and left atrial (right)
OAPs at baseline and after superfusion with 10 pmol/L of acalabrutinib (ACAL (10)) or 50 pmol/L of acalabrutinib (ACAL (50)).
J, Summary of the effects of acalabrutinib on beating rate. K and L, Summary of local right (K) and left (L) atrial conduction
velocities in sinus rhythm. M and N, Summary of right (M) and left (N) atrial APD,, in sinus rhythm. For panels J-N: *P<0.05 vs
baseline, 7P<0.05 vs ACAL(10) by mixed effects analysis with a Tukey post hoc test; n=4-6 atria per group.
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Figure 2. Effects of ibrutinib and acalabrutinib on atrial myocyte action potential (AP) morphology.

A, Representative stimulated APs in right atrial (RA) myocytes at baseline and after superfusion with 10 pmol/L of ibrutinib (IBR (10)).
B through H, Summary of the effects of IBR (10) on RA resting membrane potential (RMP; B), maximum upstroke velocity (V,,,,; C),
overshoot (D), AP duration (APD) at 20% repolarization (APD,,; E), APD at 50% repolarization (APD,,; F), APD at 70% repolarization
(APD,,) (G), and APD at 90% repolarization APDy, (H). For panels B-H: *P<0.05 vs baseline, TP<0.05 vs IBR (10) by mixed effects
analysis with a Tukey post hoc test; n=10 RA myocytes from 4 mice. I, Representative stimulated APs in RA myocytes at baseline and
after superfusion with 10 pmol/L of acalabrutinib (ACAL (10)) and 50 pmol/L of acalabrutinib (ACAL (50)). J through P, Summary of the
effects of ACAL (10) and ACAL (50) on RA RMP (J), V..., (K), overshoot (L), APD,, (M), APD,, (N), APD,, (O), and APD,, (P). For panels
J-P: *P<0.05 vs baseline by mixed-effects analysis with Tukey post hoc test; n=8 RA myocytes from 6 mice.
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Figure 3. Effects of ibrutinib on Na* current (l,) in right atrial (RA) myocytes.

A, Representative RA |, recordings at baseline and after application of 10 pmol/L of ibrutinib (IBR (10)).
Voltage clamp protocol shown below recordings. B, RA I, |-V curves at baseline, after application of IBR
(10), and after washout of ibrutinib. C, RA |, activation curves at baseline, after application of IBR (10),
and after washout of ibrutinib. D and E, Summary of I, voltage for 50% channel activation (V, .y D) and
Ina slope factor (k,,; E) at baseline, after application of IBR (10), and after washout of ibrutinib. Panels B
and C analyzed by 2-way repeated measures ANOVA with Tukey post hoc test, data in panels D and E
were analyzed by mixed effects analysis with Tukey post hoc test; n=9 RA myocytes from 4 mice. F, RA
I\a inactivation curves at baseline and after application of IBR (10). G and H, Summary of voltage for I,
half-maximal inactivation (V,,yac; G) @nd ly, slope factor (k...y; H). Data in panel F were analyzed by 2-
way repeated measures ANOVA with Tukey post hoc test; data in panels G and H were analyzed by paired
Student t test; n=6 RA myocytes from 3 mice.

As APD can also be affected by I, , the effects of  Effects of lbrutinib and Acalabrutinib on
forutinib (10 umol/L) on I, in RA myocytes were mea-  SAN Electrophysiology in Isolated Atrial
sured (Figure S3). These data demonstrate that ibruti-  Preparations

nib had no significant effects on atrial lg, density, lo,. Given that beating rate in isolated atrial preparations
conductance, or |, steady-state activation properties  was reduced by ibrutinib, but not acalabrutinib, the
(Figure S3). effects of both drugs on SAN electrophysiology were
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Figure 4. Effects of acalabrutinib on Na* current (l,) in right atrial (RA) myocytes.

A, Representative RA |, recordings at baseline and after application of 50 umol/L of acalabrutinib (ACAL
(50)). B, RA I, |-V curves at baseline and after application of ACAL (50). C, RA I, activation curves at
baseline and after application of ACAL (50). D and E, Summary of |, voltage for 50% channel activation
(V4/2actp D) @and slope factor (k,.y; E) at baseline and after application of ACAL (50). Data in panels B and
C were analyzed by 2-way repeated measures ANOVA with a Tukey post hoc text; data in panels D and E
were analyzed by paired Student t test; n=6 RA myocytes from 3 mice.

further investigated using optical mapping (Figure 7).
Activation maps, as well as OAPs from the SAN in the
region of the leading activation site and in the adjacent
atrial myocardium (first atrial activation adjacent to the
CT in the RA free wall) were measured (Figure 7A and
7B). These were used to analyze CV in the SAN region
of the RA posterior wall as well as SAN to atrial con-
duction time. lbrutinib dose-dependently reduced CV
in the RA posterior wall and increased SAN to atrial
conduction time (Figure 7C and 7D). lbrutinib also in-
creased SAN APD at 50% repolarization (Figure 7E).
These effects of ibrutinib were reversible upon wash-
out. In contrast, acalabrutinib had no significant ef-
fects on CV, SAN to atrial conduction time, or APD at
50% repolarization in the SAN when applied at doses
of 10 pmol/L (to directly compare with the higher
dose of ibrutinib) or an even higher dose of 50 umol/L
(Figure 7F through 7J).

Effect of Ibrutinib on Isolated SAN
Myocyte Electrophysiology

The ability of ibrutinib to decrease beating rate
and modulate SAN conduction in isolated atrial

J Am Heart Assoc. 2021;10:e022369. DOI: 10.1161/JAHA.121.022369

preparations indicates direct effects on the SAN. This
was further investigated by measuring the effects of
ibrutinib on spontaneous APs in isolated SAN myo-
cytes. Strikingly, 10 umol/L of ibrutinib fully arrested
regular spontaneous AP firing in SAN cells in associa-
tion with a depolarization of the MDP (Figure 8A and
8B). Only low-amplitude oscillating membrane poten-
tials between —20 mV and -30 mV, which could not
be recovered following up to 45 minutes of washout,
were seen (Figure 8A). To observe more modest ef-
fects on SAN myocytes that did not result in complete
suppression of AP firing, it was necessary to use a
lower concentration of ibrutinib of 0.05 pmol/L. At this
lower dose, ibrutinib reduced SAN myocyte spontane-
ous AP firing (Figure 8C and 8D) in association with a
depolarization of the MDP (Figure 8E), prolongation of
APD at 50% repolarization (Figure 8F), and a reduc-
tion in DD slope (Figure 8G). Other measures of SAN
AP morphology are provided in Table S3. Conversely,
acalabrutinib (10 umol/L) had no significant effects on
SAN AP firing or morphology (Figure 8H through 8L,
Table S4).

To determine the basis for the effects of ibruti-
nib on SAN AP firing frequency, MDP, and APD, we
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Figure 5. Effects of ibrutinib on repolarizing K* currents in right atrial (RA) myocytes.

A, Representative RA total K* current (I, recordings, with and without a prepulse (-40 mV) to
inactivate transient outward K* current (1), at baseline and after application of 10 ymol/L of ibrutinib (IBR
(10)). Voltage clamp protocols shown below recordings. B-C, Summary Iy, I-V curves measured at the
peak of the recordings without the prepulse (B) and with the prepulse (C) at baseline, after application
of IBR (10) and after washout of IBR. D, Representative |, recordings at baseline and after application
of IBR (10) generated by digital subtraction of peak I, with and without a prepulse as shown in panel
A. E, I, I-V curves at baseline, after application of IBR (10), and after washout of IBR. |,, was measured
as the difference current between I, recordings with and without the prepulse. For panels B-E:
*P<0.05 vs baseline by mixed effects analysis with Tukey post hoc test; n=8 RA myocytes from 3 mice.
F, Representative RA I, recordings at +30 mV illustrating the effects of IBR (10) and 4-aminopyridine
(4-AP; 100 pmol/L, inhibits K 1.5) on I,y G, Summary data illustrating the effects of IBR (10) and 4-AP
on lyey- “P<0.05 vs baseline, TP<0.05 vs IBR (10), $P<0.05 vs IBR (10) + 4-AP by mixed effects analysis
with a Tukey post hoc test; n=7 RA myocytes from 3 mice.
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Figure 6. Effects of acalabrutinib on repolarizing K* currents in right atrial (RA) myocytes.

A, Representative RA total K* current (I recordings, with and without a prepulse to inactivate
transient outward K* current (l,,), at baseline and after application of 50 ymol/L of acalabrutinib (ACAL
(50)). Voltage clamp protocols shown below recordings. B through C, Summary Iy, I-V curves
measured at the peak of the recordings without the prepulse (B) and with the prepulse (C) at baseline,
after application of ACAL (50) and after washout of acalabrutinib. D, Representative |, recordings at
baseline and after application of ACAL (50) generated by digital subtraction of peak lkgoy With and
without a prepulse as shown in panel A. E, |, I-V curves at baseline, after application of ACAL (50),
and after washout of ACAL. For panels B-E: *P<0.05 vs baseline by mixed effects analysis with a
Tukey post hoc test; n=13 RA myocytes from 7 mice. F, Representative RA Iy, recordings at +30 mV
illustrating the effects of ACAL (50) and 4-aminopyridine (4-AP; 100 umol/L, inhibits K,1.5) on ly4. G,
Summary data illustrating the effects of ACAL (50) and 4-AP on |, . *P<0.05 vs baseline, TP<0.05 vs
ACAL (50), 5P<0.05 vs ACAL (50) + 4-AP by mixed effects analysis with a Tukey post hoc test; n=6 RA
myocytes from 3 mice.
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Figure 7. Effects of ibrutinib and acalabrutinib on sinoatrial node (SAN) electrophysiology.

A, Representative activation maps of the right atrial (RA) posterior wall containing the SAN, located adjacent to the crista
terminalis (CT) at baseline and after superfusion with 10 pmol/L of ibrutinib (IBR (10)). Red indicates the earliest activation
time corresponding to initial activation of the SAN. The color scale indicates total conduction time across the posterior wall.
Scale bar: 2 mm. B, Representative optical action potentials (OAPs) from the initial activation site in the SAN region (white
asterisk on activation map) and earliest RA activation site (black asterisk on activation map) at baseline and after superfusion
with IBR (10). These OAPs were used to quantify SAN to atrial conduction time (SACT). C through E, Summary of the
effects of ibrutinib on RA posterior wall conduction velocity (CV; C), SACT (D), and SAN action potential duration at 50%
repolarization (APDg,; E). For panels C—E: *P<0.05 vs baseline, TP<0.05 vs IBR (0.1) by mixed effects analysis with a Tukey
post hoc test; n=5-6 hearts per group. F, Representative activation maps of the SAN region at baseline and after superfusion
with 50 pmol/L acalabrutinib. Scale bar: 2mm. G, Representative OAPs from the initial pacemaker site in the SAN region
and earliest RA activation site at baseline and after superfusion with 50 pmol/L of acalabrutinib (ACAL (10)). H through J,
Summary of the effects of acalabrutinib on RA posterior wall CV (H), SACT (/), and SAN APD;, (J). For panels H-J: *P<0.05
vs baseline, 1P<0.05 vs ACAL (10) by 1-way repeated measures ANOVA with a Tukey post hoc test; n=5 hearts per group.
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measured repolarizing K* currents under voltage
clamp conditions in isolated SAN myocytes before
and after application of ibrutinib (10 pmol/L). Similar
to atrial myocytes, summary |-V curves illustrate that

Effects of BTK Inhibitors on Atrial lon Channels

ibrutinib reduced outward |, in isolated SAN myo-
cytes (Figure S4A and S4B). In contrast, there was no
effect of acalabrutinib (10 umol/L) on outward I, in
SAN myocytes (Figure S4C and S4D).
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Figure 8. Effects of ibrutinib and acalabrutinib on spontaneous action potential (AP) morphology in isolated sinoatrial node
(SAN) myocytes.

A, Representative spontaneous AP recordings demonstrating that 10 pmol/L of ibrutinib (IBR (10)) fully supresses AP firing in SAN
myocytes. Recording is representative of the response in 5 SAN myocytes. B, Summary of the effect of IBR (10) on maximum diastolic
potential (MDP) in SAN myocytes. *P<0.05 vs baseline by Student t test; n=5 SAN myocytes from 3 mice. C, Representative spontaneous
SAN APs at baseline and after application of 0.05 pmol/L of ibrutinib (IBR (0.05)). D through G, Summary of the effects of IBR (0.05)
on SAN AP frequency (D), MDP (E), APD at 50% repolarization (APD,,) (F), and diastolic depolarization (DD) slope (G). For panels D-
G: *P<0.0001 vs baseline by mixed effects analysis with a Tukey post hoc test; n=11 SAN myocytes from 6 mice. H, Representative
spontaneous SAN APs at baseline and after application of 10 pmol/L of acalabrutinib (ACAL (10)). I through L, Summary of the effects
of ACAL (10) on SAN AP frequency (I), MDP (J), APD;, (K), and DD slope (L). For panels |-L: data were analyzed by 2-way repeated
measures ANOVA with a Tukey post hoc test; n=5 SAN myocytes from 5 mice.

I, Plays an essential role in regulating APD, MDP,
and AP firing rate in the SAN, including in mice.?®

test pulses (measured between —50 mV and +40 mV;
Figure 9B). Furthermore, Boltzmann fitting of |, tail

Thus, the effects of ibrutinib (10 ymol/L) on I, were
measured in SAN myocytes using voltage-clamp pro-
tocols designed to detect |, tail currents®® (Figure 9A).
lbrutinib again reduced peak outward | during the

currents (measured at —45 mV)?8 illustrate that ibrutinib
reduced |, density (Figure 9C) in association with a
negative shift in the V, 5, (Figure 9D). The lower dose
of ibrutinib (0.05 pmol/L) had similar effects on I, in
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Figure 9. Effects of ibrutinib and acalabrutinib on the rapid delayed rectifier K* current (IKr) in isolated sinoatrial node
(SAN) myocytes.

A, Representative |, recordings in isolated SAN myocytes at baseline and after application of 10 pmol/L of ibrutinib of (IBR (10)).
Voltage clamp protocol shown below recordings. B, Peak total K* current (l,) -V curves, measured at the end of the 1-second
depolarizing steps, at baseline and after application of IBR (10). C, Boltzmann fit of |, tail currents (measured at —45 mV) at baseline
and after application of IBR (10). D, Voltage for 50% channel activation (V) for I, tail current at baseline and after application of
IBR (10). For panels B-C: *P<0.05 vs baseline by 2-way repeated measures ANOVA with a Tukey post hoc test; for panel D: *P<0.05
vs baseline by paired Student t test; n=7 SAN myocytes from 3 mice. E, Representative |, recordings in isolated SAN myocytes at
baseline and after application of 10 pmol/L of acalabrutinib (ACAL (10)). F, Peak I, I-V curves, measured at the end of the 1-second
depolarizing steps, at baseline and after application of ACAL (10). G, Boltzmann fit of I, tail currents (measured at -45 mV) at baseline
and after application of ACAL (10). D, Ve for Iy, tail current at baseline and after application of ACAL (10). For panels F-G: data

analyzed by 2-way repeated measures ANOVA with a Tukey post hoc test; for panel H: data analyzed by paired Student t test; n=5
SAN myocytes from 3 mice.
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Table. Intracardiac Electrophysiology in Mice Treated
With Acalabrutinib
Acalabrutinib
Vehicle (10 mg/kg) P value
AF 0/12 0/14 >0.9999
AHERP,,, ms 36.0+2.5 36.3+1.7 0.819
AMERP, 40, ms 27.2+1.8 29.1+1.1 0.166
WCL, ms 93.0+2.5 90.2+1.5 0.515
AVNERP, 4o, ms 68.8+4.2 70.3+3.4 0.400
VERP, ., Ms 38.3+1.2 35.0+2.4 0117

Atrial fibrillation (AF) occurrence analyzed by Fisher exact test. All other
data analyzed by Student t test; 12 vehicle- and 14 acalabrutinib-treated
mice. AHERP indicates high right atrial effective refractory period; AMERP,
mid-right atrial effective refractory period; AVNERP, atrioventricular effective
refractory period; VERP, ventricular effective refractory period; and WCL,
Wenckebach cycle length.

SAN myocytes (Figure S5). In contrast, and consistent
with the lack of an effect on APD and 1, acalabruti-
nib (10 pmol/L) had no significant effects on I, in SAN
myocytes (Figure 9E through 8H).

lbrutinib (10 umol/L) had no significant effects on
hyperpolarization activated current amplitude or acti-
vation kinetics in isolated SAN myocytes (Figure S6).
Ibrutinib also had no significant effects on I, density
or activation kinetics in SAN myocytes (Figure S7).

DISCUSSION

This study provides new insight into the basis for
ibrutinib-mediated AF, as well as sinus bradycardia
and sinus arrest, following ibrutinib treatment. We
demonstrate the effects of ibrutinib on atrial and SAN
electrophysiology that are consistent with increased
AF susceptibility and SAN dysfunction and provide in-
sight into the ionic basis for these effects. Furthermore,
this study demonstrates that several of these effects
are specific to ibrutinib and that another more selective
BTK inhibitor, acalabrutinib, does not elicit the same
effects. Thus, we have shown that ibrutinib and acala-
brutinib have distinct effects on atrial electrophysiol-
ogy and arrhythmogenesis that explain why ibrutinib is
proarrhythmic while acalabrutinib is not.

We previously demonstrated that acute applica-
tion of ibrutinib in vivo resulted in increased suscep-
tibility to pacing-induced AF in mice.'® Consistent with
this, we now show that ibrutinib dose-dependently
reduced atrial CV as assessed using high-resolution
optical mapping. These effects were elicited by acute
drug application and could largely be reversed upon
washout. Consistent with these impairments in con-
duction, ibrutinib reduced AP V., and atrial I, without
altering Iy, activation kinetics. In stark contrast, acal-
abrutinib had no effects on atrial APV, or |,. Atrial
Iya @nd AP V,__ are critical determinants of atrial CV."?

max
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Furthermore, slow conduction increases susceptibil-
ity to AF by shortening the wavelength for reentry.'2'3
Based on this, our data indicate that ibrutinib increases
AF occurrence by impairing atrial conduction via its ef-
fects on Iy,. Consistent with the absence of effects on
Ina» We show that acalabrutinib did not increase sus-
ceptibility to AF in mice in vivo, further supporting the
conclusion that the presence or absence of effects on
Iya @nd atrial conduction are key determinants of AF
susceptibility in the presence of ibrutinib compared
with acalabrutinib.

We also found that ibrutinib and acalabrutinib each
increased atrial APD; however, these effects occurred
by distinct mechanisms. Ibrutinib prolonged APD by
blocking I,, and ., while acalabrutinib increased APD
by blocking I, only. Furthermore, it took higher doses
of acalabrutinib to increase APD and the effects were
still smaller in magnitude compared with ibrutinib,
which could be caused by the effects of ibrutinib on
both I, and I, Increases in APD could increase the
likelihood of early afterdepolarizations and conduction
block, each of which can favor AF initiation or main-
tenance.'>?” Thus, more substantial AP prolongation,
along with reductions in AP V,_ ., could contribute to
AF occurrence in the presence of ibrutinib, while more
modest increases in APD alone are insufficient to in-
crease AF suscepitibility in the presence of acalabrutinib.

Previous studies have shown that chronic ibruti-
nib treatment in mice is associated with enhanced
Ca?*/calmodulin-dependent protein kinase Il (CaMKII)
activity and changes in C-terminal Src kinase (CSK)
activity.?®29 These studies further show that chronic
ibrutinib led to atrial enlargement, atrial fibrosis, inflam-
mation, and changes in sarcoplasmic reticulum Ca?*
handling as a result of these alterations in CaMKII and
CSK activity. While BTK is expressed in the heart,305
these findings, in conjunction with our study, support
the hypothesis that ibrutinib increases AF susceptibil-
ity via off-target effects independent of BTK inhibition.
This is further supported by our finding that acalabru-
tinib, which is a more selective BTK inhibitor, has min-
imal effects on atrial electrophysiology and no effects
arrhythmogenesis. Whether CaMKIl and/or CSK me-
diate any of the effects of ibrutinib on atrial myocyte
electrophysiology is unknown, and ibrutinio may also
modulate other signaling pathways in atrial myocytes.3?
Our observations that ibrutinib, but not acalabrutinib,
can inhibit multiple currents (I, and 1), and that Iy,
is reduced without changes in activation kinetics, may
indicate that these effects involve direct binding of ibru-
tinib to these ion channels. On the other hand, ibrutinib
and acalabrutinib both inhibited I, similarly, suggest-
ing that this effect could involve BTK inhibition or ef-
fects on another common signaling pathway. These
hypotheses could be investigated in future studies.
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The implications of atrial enlargement and fibrosis
in AF occurrence during ibrutinib treatment are not
completely clear given we have previously shown that
AF susceptibility is reduced after a 24-hour washout
of ibrutinib.’® This suggests that the rapidly activatable
effects of ibrutinib on atrial ion channels that we have
identified are centrally involved in ibrutinib-mediated
atrial arrhythmogenesis. Nevertheless, atrial enlarge-
ment and fibrosis can both contribute importantly to
conduction disturbances and reentry in AF'S; therefore,
these effects of ibrutinib could further enhance sus-
ceptibility to arrythmia along with changes in atrial ion
channel function. Interestingly, 1 study suggested that
long-term treatment with ibrutinib did not affect atrial
AP morphology; however, this study delivered ibrutinib
for 4 weeks in vivo and then conducted patch-clamp
studies in isolated myocytes, which were compared
with a vehicle control group.?® Based on our data, it is
possible that the effects of ibrutinib on atrial myocyte
electrophysiology could have been washed out during
the cell isolation procedure, causing the effects of ibru-
tinib on cellular atrial electrophysiology to go unde-
tected. Our study indicates that it is critical to consider
the acute effects of ibrutinib on cellular electrophysi-
ology and ion channel function when interpreting the
effects of ibrutinib on AF occurrence.

In addition to promoting AF, ibrutinib has also been
associated with sinus bradycardia and even sinus
arrest®”; however, the basis for this was completely
unknown. We found that ibrutinib consistently de-
creased beating rate in association with impaired con-
duction in the RA posterior wall and increases in SAN
to atrial conduction time in isolated atrial preparations,
while acalabrutinib had no effects on these proper-
ties. Using isolated SAN myocytes, we also show that
ibrutinib, but not acalabrutinib, slowed spontaneous
AP firing in SAN myocytes in association with depo-
larization of the MDP, a reduction in DD slope, and in-
creases in APD. At higher doses, ibrutinib completely
suppressed AP firing in association with substantial
depolarization of the MDP. Interestingly, these effects
of ibrutinib did not involve hyperpolarization activated
current or g, . Rather, ibrutinib potently inhibited I,
which has previously been shown to play an important
role in SAN AP firing.2633 Specifically, inhibition of I, in
SAN myocytes with compounds such as dofetilide or
E-4031 leads to effects similar to those observed with
ibrutinib, including depolarization of the MDP, reduc-
tion in DD slope, and increases in APD, all of which
can contribute to a reduction in spontaneous AP fir-
ing.'8:26.33.34 These findings indicate that ibrutinib has
selective effects on I, in SAN myocytes that account
for the effects on AP morphology and reductions in
heart rate. These effects are also likely to be indepen-
dent of BTK as acalabrutinib had no effect on heart
rate or I, in SAN myocytes.
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Some limitations should be noted for our study.
Our experiments were performed in mice, which
exhibit some differences in ion channel expression
and function compared with humans. For example,
I, contributes to atrial repolarization in large mam-
mals and humans, but not in mice.'® Interestingly,
I, is an important ionic current in mouse SAN and
we have demonstrated that it is potently affected by
ibrutinib in SAN myocytes. As such, future studies
on the role of I, in ibrutinib-mediated AF are war-
ranted. In addition, our study focused on acute ef-
fects of ibrutinib and acalabrutinib. While no AF was
observed during acute acalabrutinib application, the
effects of chronic acalabrutinib treatment on atrial
electrophysiology were not studied. In addition to
being affected by l,, atrial conduction is also af-
fected by gap junction conductance,”® which was
not investigated in the present study. Patch-clamp
studies were not performed in left atrial myocytes;
however, optical mapping studies demonstrate that
the effects of ibrutinib and acalabrutinib in right and
left atria were similar. Accordingly, it is expected
that drug effects on ion channels demonstrated in
isolated RA myocytes would be similar in left atrial
myocytes.

In conclusion, our study provides novel insight into
the electrophysiological effects of the BTK inhibitors
ibrutinib and acalabrutinib on atrial electrophysiology
and AF susceptibility. We demonstrate that ibrutinib
and acalabrutinib have distinct effects on atrial con-
duction, atrial AP morphology, and atrial ion channel
function. We also demonstrate distinct effects of these
BTK inhibitors on SAN beating rate and SAN ion chan-
nel function. These data provide an explanation for
the occurrence of AF and SAN dysfunction in patients
treated with ibrutinib compared with those treated with
acalabrutinib.
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Supplemental Methods
Drugs

Ibrutinib was obtained from Cellagen Technology (San Diego, CA) and acalabrutinb
was obtained from ChemiTek (Indianapolis, IN). Trappsol (hydroxypropyl-B-cyclodextrin) was

obtained from CT Holding Inc. (Alachua, FL).

In vivo electrophysiology

Mice were anesthetized with an intraperitoneal injection of ketamine (150 mg/kg) and
xylazine (10 mg/kg) and placed in supine position on a heated water blanket. Body temperature
was maintained at 36.5-37.5°C and monitored using a rectal probe.

A 2 french octapolar electrophysiology catheter (CIB’ER Mouse, NUMED) was inserted
into the right jugular vein and advanced into the right atrium and right ventricle. Intracardiac
electrograms were recorded at 1.5 kHz and filtered at 100-5000 Hz. All data were recorded
using Acknowledge software (BIOPAC system). His bundle potential recordings were used to
establish catheter positioning within the right atrium and right ventricle. Bipolar pacing was
performed using 2 ms pulses at twice the diastolic threshold using a Grass SIU5 stimulus
isolation unit and a Grass S99 stimulator. Refractory periods were measured using
programmed electrical stimulation (PES) with a drive train of 9 stimuli (S1) at a cycle length of
100 ms followed by extra stimuli (S2) at progressively shorter cycle lengths. Atrial fibrillation
susceptibility was measured using PES and burst pacing in the right atrium. AF was defined as
a rapid and irregular atrial rhythm (fibrillatory baseline in the ECG) with irregular RR intervals

lasting at least 1 s on the surface ECG.



High resolution optical mapping

To isolate atrial preparations, mice were administered a 0.2 ml intraperitoneal injection of
heparin (1000 IU/ml) to prevent blood clotting and were then anesthetized by isoflurane
inhalation and sacrificed by cervical dislocation. Hearts were excised into Krebs solution (37°C)
containing (in mM): 118 NacCl, 4.7 KCl, 1.2 KH,PO4, 25 NaHCO3, 1 CaCl,, 1 MgCl,, 11 glucose
and bubbled with 95% O./5% CO; to maintain a pH of 7.4. The atria were dissected away from
the ventricles and pinned in a dish with the endocardial surface facing upwards (towards the
imaging equipment). The superior and inferior vena cavae were cut open so that the crista
terminalis could be visualized, and the preparation could be pinned out flat with minimal tension.

The atrial preparation was superfused continuously with Krebs solution (37°C) bubbled
with 95% 0O,/5% CO; and allowed to equilibrate for ~10 min. The preparation was then
incubated with the voltage sensitive dye RH-237 (15 uM; Biotium) for 5 min without superfusion.
After the dye incubation period, superfusion was resumed with blebbistatin (10 uM; Cayman
Chemical Company) added to the superfusate to suppress contractile activity and prevent
motion artifacts. Experiments were performed in sinus rhythm so that the cycle length (i.e.
beating rate) of the atrial preparation was free to change as well as in atrial preparations paced
at a fixed cycle length of 125 ms (8Hz) in order to study electrical conduction independently of
changes in beating rate. The pacing electrode was placed near the opening of the superior vena
cava. RH-237-loaded atrial preparations were illuminated with light from a X-Cite Xylis Broad
Spectrum LED lllumination System (Excelitas Technologies) and filtered with a 520/35 nm
excitation filter (Semrock). Emitted fluorescence was separated by a dichroic mirror (560 nm
cut-off; Semrock) and filtered by a 715 nm long-pass emissions filter (Andover Corp.).
Recordings were captured using a high-speed CMOS camera (MiCAMO03-N256, SciMedia). For
mapping whole atrial preparations, data were captured from an optical field of view of 11 x 11
mm at a frame rate of 1000 frames/s using BrainVision software (BrainVision Inc.). The spatial

resolution was 42.5 x 42.5 uM for each pixel. For mapping the right atrial posterior wall to



assess SAN function, data were captured from an optical field of view of 6.8 x 6.8 mm at a
frame rate of 1000 frames/s. The spatial resolution was 26.6 x 26.6 uM for each pixel.
Magpnification was constant in all experiments and no pixel binning was used.

All optical data were analyzed using custom software written in MATLAB® (Mathworks).
Pseudocolor electrical activation maps were generated from measurements of activation time at
individual pixels as defined by assessment of dF/dtmax and background fluorescence was
subtracted in all cases. Local conduction velocity (CV) was quantified specifically in the right
atrial myocardium (within the right atrial appendage) and the left atrial myocardium (within the
left atrial appendage) using established approaches previously described.”® Briefly, activation
times at each pixel from a 7 x 7 pixel array were determined and fit to a plane using the least
squares fit method. The direction on this plane that is increasing the fastest represents the
direction that is perpendicular to the wavefront of electrical propagation and the maximum slope
represents the inverse of the speed of conduction in that direction. With a spatial resolution of
42.5 x 42.5 PM per pixel, the area of the 7 x 7 pixel array was 297.5 x 297.5 yM. This approach
allows assessment the maximum local CV vectors in the atrial region of interest. Optical APs
were assessed by measuring the change in fluorescence as a function of time at individual

pixels within the right and left atria as we have done previously.

Atrial and sinoatrial node myocyte isolations

Mice were administered a 0.2 ml intraperitoneal injection of heparin (1000 1U/ml) to
prevent blood clotting. Following this, mice were anesthetized by isoflurane inhalation and then
sacrificed by cervical dislocation. The heart was excised into Tyrode’s solution (35°C) consisting
of (in mM) 140 NacCl, 5.4 KClI, 1.2 KH2POg4, 1.0 MgCl;, 1.8 CaCl,, 5.55 glucose, and 5 HEPES,
with pH adjusted to 7.4 with NaOH. Right and left atrial myocytes were isolated from the
corresponding atrial appendages. The sinoatrial node (SAN) region of the heart was isolated by

separating the atria from the ventricles, cutting open the superior and inferior venae cavae, and



pinning the tissue so that the crista terminalis could be identified. The SAN area is located in the
intercaval region adjacent to the crista terminalis. Atrial and SAN tissue were cut into strips,
which were transferred and rinsed in a ‘low Ca?*, Mg?* free’ solution containing (in mM) 140
NaCl, 5.4 KCl, 1.2 KH,PO4, 0.2 CaCl,, 50 taurine, 18.5 glucose, 5 HEPES and 1 mg/ml bovine
serum albumin (BSA), with pH adjusted to 6.9 with NaOH. Tissue strips were digested in 5 ml of
‘low Ca?*, Mg?* free’ solution containing collagenase (type Il, Worthington Biochemical
Corporation), elastase (Worthington Biochemical Corporation) and protease (type XIV, Sigma
Chemical Company) for 30 min. Then the tissue was transferred to 5 ml of modified KB solution
containing (in mM) 100 potassium glutamate, 10 potassium aspartate, 25 KCI, 10 KH2PO4, 2
MgSOs, 20 taurine, 5 creatine, 0.5 EGTA, 20 glucose, 5 HEPES, and 0.1% BSA, with pH
adjusted to 7.2 with KOH. The tissue was mechanically agitated using a wide-bore pipette. Atrial
myocytes were quiescent and had stable resting membrane potentials when patch-clamped.
SAN myocytes were identified by their small spindle shape and ability to beat spontaneously in
the recording chamber when superfused with normal Tyrode’s solution. When patch-clamped,

SAN myocytes always displayed spontaneous action potentials.

Solutions and electrophysiological protocols

Spontaneous action potential (APs) in SAN myocytes and stimulated APs in atrial
myocytes were recorded using the whole cell patch-clamp technique. Myocytes were
superfused with normal Tyrode’s solution (22 — 23°C) containing (in mM): 140 NaCl, 5 KCI, 1
MgCl,, 1 CaCl,, 10 HEPES, and 5 glucose, with pH adjusted to 7.4 with NaOH. The pipette
filling solution contained (in mM): 135 KCI, 0.1 CaCl,, 1 MgCl,, 5 NaCl, 10 EGTA, 4 Mg-ATP,
6.6 Na-phosphocreatine, 0.3 Na-GTP and 10 HEPES, with pH adjusted to 7.2 with KOH.

For recording Ina atrial myocytes were superfused with a modified Tyrode’s solution (22
— 23°C) containing the following (in mM): 130 CsCl, 5 NaCl, 5.4 TEA-CI, 1 MgCl,, 1 CaCl;, 10

HEPES, 5.5 glucose, (pH 7.4, adjusted with CsOH). Nitrendipine (10 pM) was added to the



superfusate to block Ica. The pipette solution for Ina contained (in mM): 120 CsCl, 5 NaCl, 1
MgCl,, 0.2 CaCl,, 10 HEPES, 5 MgATP, 0.3 Na-GTP, 5 BAPTA (pH 7.2, adjusted with CSOH).
Ina Was recorded using 50 ms voltage clamp steps between -100 and +10 mV from a holding
potential of -120 mV.

Ina Steady-state activation kinetics were determined by calculating chord conductance
(G) with the equation G=I/(Vm-Erev), Where Vi, represents the depolarizing voltages and Erey is
the reversal potential measured from the current-voltage relationships of Ica. Or Ina. Maximum
conductance (Gmax) and Vy, of activation (Viz@acy) for lcar and Ina were determined using the
following function: G=[(Vm-Viev)][Gmax][-1/[(1+exp((Vm-V12)/K))+1]]. Ina Steady-state inactivation
kinetics were measured using 500 ms pre-pulse voltage clamp steps between -120 and -30 mV
from a holding potential of -120 mV followed by a 20 ms test pulse to -20 mV. Normalized peak
currents were plotted as a function of the pre-pulse potential and the resulting curve was fitted
with the Boltzmann function h=1/[1+exp[V12-V]/K]. These data were used to measure the
voltage at which 50% of channels are inactivated (Vi/(nact)).

For recording Ica,. myocytes were superfused with a modified Tyrode’s solution (22 —
23 C) containing the following (in mmol/L) 140 TEA-CI, 5.4 CsCl, 2 CaCl,, 1 MgCl,, 10 HEPES,
and 5 glucose with pH adjusted to 7.4 with CsOH. The pipette solution for Ica contained (in
mmol/L) 135 CsCl, 0.2 CaCl;, 1 MgCl;, 5 NaCl, 5 EGTA, 4 Mg-ATP, 6.6 Na-phosphocreatine,
0.3 Na-GTP and 10 HEPES, with pH adjusted to 7.2 with CsOH. lca. was recorded using 250
ms voltage clamp steps between -60 mV and +40 mV from a holding potential of -60 mV in
order to ensure measurement of lca. generated by Cayl.2 and Cay1.3 channels. Ica steady-
state activation kinetics were quantified using the same formulas as for Ina activation.

Total potassium currents (Ik) and I were recorded in the whole cell configuration of the
patch clamp technique using the same Tyrode’s solution and pipette solutions used to record
APs. To record total potassium currents (no pre-pulse), cells were held at -80 mV then Ik was

recorded using a series of voltage clamp steps (500 ms duration) between -120 and +80 mV in



10 mV increments. To record potassium currents with an inactivating pre-pulse (to inactivate lv),
cells were given a 200 ms pre-pulse to -40 mV immediately followed by 500 ms voltage clamp
steps from -120 to +80 mV from a holding potential of -80 mV. For these recordings with and
without a pre-pulse, Ik was measured at the peak current for each voltage step. I, was
calculated as the difference current between the recordings with and without a pre-pulse.

Ikur, @s carried by Ky1.5 channels, was measured as the component of Ik sensitive to 4-
aminopyradine (4-AP; 100 uM). The voltage clamp protocol for measuring Ik, included a pre-
pulse to -40 mV for 200 ms to inactivate |, immediately followed by a 500 ms step to +30 mV
before returning to a holding potential of -80 mV. Peak currents at baseline, in the presence of
4-AP, and after washout were measured.

Ikr was measured using a voltage clamp protocol designed to elicit outward lkoy and lkr
tail currents. From a holding potential of -60 mV, cells were voltage clamped at potentials
between -50mV and +40 mV for 1 s followed by a voltage clamp step to -45 mV for 2 s. Ik tail
currents during the 2 s step to -45 mV were fit with the following Boltzmann function: I=Imax/[1
+exp[-(Vm-Vi2)/K]].

Ir was recorded using 2 s voltage clamp steps between -30 and -140 mV followed by a
voltage clamp step to -130 mV. The holding potential was -35 mV. BaCl. (1 x 10* mol/L) was
added to the superfusate when recording Iy, in order to eliminate any inward rectifier K* current
that could be present at low levels in some SAN myocytes. Activation kinetics for Is were
determined by normalizing tail currents at each voltage to the maximum current level at -130 mV
and fitting the data to the Boltzmann function: I/Imax=1/(1+exp[(Vm-V12)/K]) where Vn, is the
potential of the voltage clamp step, V12 is the voltage at which 50% activation occurs and k is
the slope factor.

Micropipettes were pulled from borosilicate glass (with filament, 1.5 mm OD, 0.75 mm
ID, Sutter Instrument Company) using a Flaming/Brown pipette puller (model p-87, Sutter

Instrument Company). The resistance of these pipettes was 4 — 8 MQ when filled with recording



solution. Micropipettes were positioned with a micromanipulator (Burleigh PCS-5000 system)
mounted on the stage of an inverted microscope (Olympus 1X71). Seal resistance was 2 — 15
GQ. Rupturing the sarcolemma in the patch experiments resulted in access resistances of 5 —
15 MQ. Series resistance compensation averaged 80 — 85% using an Axopatch 200B amplifier
(Molecular Devices). Data were digitized using a Digidata 1440 and pCLAMP 10 software

(Molecular Devices) and stored on computer for analysis.



Table $1. Effects of ibrutinib on action potential parameters in right atrial myocytes.

baseline IBR(10) washout
n (cells) 10 10 9
Capacitance (pF) 410+ 3.2 - -
RMP (mV) -81.4+1.2 -80.6 £ 1.1 -825+1.4
Vmax (V/S) 147.3+7.3 103 £ 11.9* 1276 £ 11.1¢%
Overshoot (mV) 55.1+2.2 37.5+4.1*% 51.8 £ 2.1t
APD2 (Mms) 1.92+0.3 2.72 £ 0.4* 1.98 + 0.31
APDso (Ms) 9.36 £ 0.9 18.7 £ 2.9* 104 £ 1.21
APD7o (Mms) 179+15 41.5 + 4.2* 19.3+ 1.9t
APDgo (MS) 452+24 77.4 £5.7* 414 + 3.1t

IBR(10), 10uM ibrutinib; n, sample size; RMP, resting membrane potential; Vimax, AP upstroke
velocity; APD, action potential duration. APD values taken at 20, 50, 70, and 90%
repolarization. Data are means + SEM. *P<0.05 vs. baseline, TP<0.05 vs. IBR(10) by mixed-
effects analysis with Tukey’s post-hoc test.

Table S2. Effects of acalabrutinib on action potential parameters in right atrial myocytes.

baseline ACAL(10) ACAL(50) washout

n (cells) 8 8 7 5

Capacitance (pF) 45855 - - -
RMP (mV) -76.8+0.5 -76.4+0.8 -76.6 +0.8 -76.1+1.4
Vmax (V/S) 1499+79 1482+ 7.1 142.4+7.6 1465+ 7.1
Overshoot (mV) 55.1 + 3.3 56.6 + 4.0 49.9+43 54.8 +4.7
APD2 (ms) 237+05 2.35+05 2.38+0.6 2.08+0.8
APDso (Ms) 10.0+1.5 12.2+2.2 14.8 + 2.6* 11.3+3.7
APD7o (ms) 179+23 21.0+31 25.5 + 3.2* 18.3+4.6
APDgo (Ms) 35.2+3.0 38.4+238 43.6 + 4.7* 349+5.0

ACAL(10), 10uM acalabrutinib; ACAL(50), 50uM acalabrutinib; n, sample size; RMP,
resting membrane potential; Vimax, AP upstroke velocity; APD, action potential duration.
APD values taken at 20, 50, 70, and 90% repolarization. Data are means + SEM. *P<0.05
vs. baseline by mixed-effects analysis with Tukey’s post-hoc test.



Table S3. Effects of ibrutinib on action potential parameters in SAN myocytes.

baseline IBR(0.05) washout

n (cells) 11 11 7

Capacitance (pF) 33.8+1.7 - -

Cycle length (ms) 370.2+7.9 452.6 £ 9.1* 381.7 £ 8.0
AP frequency (APs/min) 164.6 £ 2.2 133.1 £ 2.6* 157.6 £ 3.4
MDP (mV) -66.6 £ 0.7 -65.2 £ 0.8* -67.6 £0.7
DD Slope (mV/s) 40.4+2.8 33.8+2.8* 404 +£2.3
Vmax (V/S) 77.3+£6.4 68.3 + 5.6* 705+7.1
Overshoot (mV) 27.1+29 22.1+2.8* 18.6 + 2.6*
APDso 36.1+3.6 51.9 + 4.4* 37.9+4.1

IBR(0.05), 0.05uM ibrutinib; n, sample size; MDP, maximum diastolic potential; DD slope,
diastolic depolarization slope; Vmax, maximum AP upstroke velocity; APDso, AP duration at

50% repolarization; Data are means + SEM; *P<0.05 vs baseline by mixed-effects analysis with
Tukey’s posthoc test.

Table S4. Effects of acalabrutinib on action potential parameters in SAN myocytes.

baseline ACAL(10) washout

n (cells) 5 5 5
Capacitance (pF) 389+24 - -
Cycle length (ms) 367.8+11.6 363.8+6.1 369.5 + 10.6
AP frequency (APs/min) 163.7+£5.1 165.1+2.8 162.9+4.8
MDP (mV) -65.3+£3.1 -68.4+£0.9 -67.7+0.8
DD Slope (mV/s) 41.2+5.1 42.7+4.6 41.5+3.8
Vimax (V/s) 77.8+7.6 73.7+7.8 75.1+10.6
Overshoot (mV) 30.0+£6.1 28.0+5.8 30.7+49
APDso 472 +6.7 50.1+7.6 39.4+36

ACAL(10), 10uM acalabrutinib; n, sample size; MDP, maximum diastolic potential; DD slope,
diastolic depolarization slope; Vmax, maximum AP upstroke velocity; APDso, AP duration at
50% repolarization; Data are means + SEM; *P<0.05 vs baseline by two-way repeated
measures ANOVA with Tukey’s posthoc test.
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Figure S1. Absence of AF in mice treated with acalabrutinib. Representative surface
electrocardiogram (ECG) and intracardiac recordings showing an absence of induction into AF
after burst pacing in mice treated with acalabrutinib (10 mg/kg) or vehicle control. LL2, limb lead
II; RV, right ventricle; HBE, His bundle region; HRA, high right atrium. Refer to Table 1 for
summary data.
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Figure S2. Effects of ibrutinib and acalabrutinib on atrial electrical conduction during
pacing. A, Representative activation maps in isolated atrial preparations paced at 8 Hz at
baseline and after superfusion with 10 uM ibrutinib. The right atrial appendage is on the left side
of the image. Red indicates the earliest activation time. The colour scale indicates total
conduction time across the atrial preparation. Scale bar: 2mm. B, Representative right (left) and
left (right) atrial optical action potentials during pacing at 8 Hz at baseline and after superfusion
with 0.1 uM ibrutinib (IBR(0.1)) or 10 puM ibrutinib (IBR(10)). C and D, Summary of local right (C)
and left (D) atrial conduction velocities during pacing at 8 Hz. E and F, Summary of right (E) and
left (F) atrial action potential duration at 70% repolarization (APD7) during pacing at 8 Hz. For
panels C-F *P<0.05 vs. baseline, TP<0.05 vs. IBR(0.1) by mixed effects analysis with a Tukey
post-hoc test; n=4-6 atria per group. G, Representative activation maps from isolated atrial



preparations paced at 8 Hz at baseline and after superfusion with 50 uM acalabrutinib. Scale
bar: 2mm. H, Representative right (left) and left (right) atrial optical action potentials during
pacing at 8 Hz at baseline and after superfusion with 10 uM acalabrutinib (ACAL(10)) or 50 uM
acalabrutinib (ACAL(50)). | and J, Summary of local right (I) and left (J) atrial conduction
velocities during pacing at 8 Hz. K and L, Summary of right (K) and left (L) atrial APD7o during
pacing at 8 Hz. For panels I-L *P<0.05 vs. baseline, TP<0.05 vs. ACAL(10) by mixed effects
analysis with a Tukey post-hoc test; n=4-6 atria per group.
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Figure S3. Effects of ibrutinib on Ica. in right atrial myocytes. A, Representative right atrial
Ica,L recordings as baseline and after application of 10 uM ibrutinib (IBR(10). Voltage clamp
protocol shown below recordings. B, Right atrial Ica IV curves at baseline and after application
of IBR(10). C, Right atrial IcaL activation curves at baseline and after application of IBR(10). D
and E, Summary of voltage for lca half maximum activation (Viz@acy; D) and lca slope factor (K,
E) at baseline and after application of IBR(10). Data in panels B and C analyzed by mixed
effects analysis with Tukey’s post-hoc test, data in panels D and E analyzed by paired Student’s
t-test; n=6 right atrial myocytes from 3 mice.
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Figure S4. Effects of ibrutinib and acalabrutinib on repolarizing K* currents in isolated
SAN myocytes. A, Representative SAN Ik recordings at baseline and after application of 10
MM ibrutinib (IBR(10)). Voltage clamp protocol shown below recordings. B, Summary Ik IV
curves measured at the peak of the Ik recordings. *P<0.05 vs. baseline by two-way repeated
measures ANOVA with a Tukey posthoc test; n=7 SAN myocytes from 4 mice. C,
Representative SAN Ikqor recordings at baseline and after application of 10 uM acalabrutinib
(ACAL(10)). Voltage clamp protocol shown below recordings. D, Summary Ik IV curves
measured at the peak of the Ik recordings. There was no difference between baseline and
ACAL(10) by two-way repeated measures ANOVA with a Tukey posthoc test; n=6 SAN
myocytes from 3 mice.
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Figure S5. Effects of alower dose of ibrutinib on the rapid delayed rectifier current (Ix,)
in isolated sinoatrial node (SAN) myocytes. A, Representative Ik recordings in isolated SAN
myocytes at baseline and after application of 0.05 uM ibrutinib (IBR(0.05)). Voltage clamp
protocol shown below recordings. B, Peak lkqo 1V curves, measured at the end of the 1 s
depolarizing steps, at baseline and after application of IBR(0.05). C, Boltzmann fit of Ik, tail
current at baseline and after application of IBR(0.05). D, Voltage for 50% channel activation
(Vaz2@act) for Ik tail current at baseline and after application of IBR(0.05). For panels B-C *P<0.05
vs. baseline by mixed effects analysis with a Tukey post-hoc test; for panel D *P<0.05 vs.
baseline by mixed effects analysis with Tukey’s post-hoc test; n=7 SAN myocytes from 3 mice.
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Figure S6. Effects of ibrutinib on the hyperpolarization activated current (I) in SAN
myocytes. A, Representative I; recordings at baseline and after application of 10 uM ibrutinib
(IBR(10)). B, I IV curves at baseline and after application of IBR(10). It activation curves at
baseline and after application of IBR(10)). D and E, effects of IBR(10) on It Vi@aey (D) and slope
factor (k, E). IBR(10) had no effects of I; amplitude or activation kinetics. Data in panels B and C
analyzed by two-way repeated measures ANOVA with a Tukey posthoc test; data in panels D
and E analyzed by paired Student’s t-test; n=5 SAN myocytes from 3 mice.
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Figure S7. Effects of ibrutinib on Ica. in sinoatrial node myocytes. A, Representative SAN
Ica,L recordings as baseline and after application of 10 uM ibrutinib (IBR(10). Voltage clamp
protocol shown below recordings. B, SAN IcaL IV curves at baseline and after application of
IBR(10). C, SAN Ica, activation curves at baseline and after application of IBR(10). D and E,
Summary of voltage for lca half maximum activation (Vizacy; D) and lca, slope factor (k, E) at
baseline and after application of IBR(10). Data in panels B and C analyzed by mixed effects
analysis with Tukey’s post-hoc test, data in panels D and E analyzed by paired Student’s t-test;
n=6 SAN myocytes from 3 mice.
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