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Chloroquine and hydroxychloroquine have been proposed recently as therapy for SARS-CoV-2-infected patients,
but during 3 months of extensive use concerns were raised related to their clinical effectiveness and arrhyth-
mogenic risk. Therefore, we estimated for these compounds several proarrhythmogenic risk predictors according
to the Comprehensive in vitro Proarrhythmia Assay (CiPA) paradigm. Experiments were performed with either
CytoPatch™2 automated or manual patch-clamp setups on HEK293T cells stably or transiently transfected with
hERGI, hNavl.5, hKir2.1, hKv7.1+hMinK, and on Pluricyte® cardiomyocytes (Ncardia), using physiological
solutions. Dose-response plots of hERG1 inhibition fitted with Hill functions yielded IC50 values in the low
micromolar range for both compounds. We found hyperpolarizing shifts of tens of mV, larger for chloroquine, in
the voltage-dependent activation but not inactivation, as well as a voltage-dependent block of hERG current,
larger at positive potentials. We also found inhibitory effects on peak and late Iy, and on Ix;, with IC50 of tens of
pM and larger for chloroquine. The two compounds, tested on Pluricyte® cardiomyocytes using the p-escin-
perforated method, inhibited Ik, Icar, INa peaks Put had no effect on Ir. In current-clamp they caused action po-
tential prolongation. Our data and those from literature for I, were used to compute proarrhythmogenic risk
predictors By (Mistry HB, 2018) and Qqe; (Dutta S et al., 2017), with hERG1 blocking/unblocking rates esti-
mated from time constants of fractional block. Although the two antimalarials are successfully used in auto-
immune diseases, and chloroquine may be effective in atrial fibrillation, assays place these drugs in the
intermediate proarrhythmogenic risk group.

1. Introduction of quinoline antimalarials in autoimmune diseases are complex (Chew

et al., 2020; Hatadyj et al., 2018; Wallace, 1989).

Chloroquine and hydroxychloroquine are two classical quinoline
antimalarials derived from quinine, extracted by indigenous inhabitants
of South America from the bark of Cinchona officinalis and used for
centuries as a remedy for chills and common cold. Chloroquine was
synthesized in 1934 by Johann (Hans) Andersag at Bayer A.G. by
replacing the acridine with a quinoline ring in quinacrine (Atabrine) and
was used under the name Resochin; in 1945 it was rediscovered by E.K.
Marshall and received its current name (Krafts et al., 2012), remaining
for decades a first-line antimalarial therapy. The mechanisms of action

The antiviral activity of chloroquine and hydroxychloroquine is
deemed to result from accumulation of the protonated charged form in
the acidic environment of endosomes, lysosomes and Golgi vesicles,
leading to increased internal endosomal pH, thus preventing their use by
viral particles as entry gateways (Ducharme and Farinotti, 1996).
Chloroquine has been tested in vitro or in vivo and found effective against
Zika virus (Li et al., 2017a), influenza A H5N1 (avian flu) (Yan et al.,
2013), Dengue virus type 2 (Farias et al., 2015), and some coronaviruses
including OC43 (Keyaerts et al., 2009) and SARS-CoV-1 (Keyaerts et al.,
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2004). Other studies suggested supplementary protective mechanisms of
chloroquine against SARS-CoV-1, including terminal glycosylation of
ACE2 resulting in decreased affinity for the viral spike protein (Vincent
et al., 2005).

Preliminary in vitro studies of effectiveness against SARS-CoV-2
found EC50 values of 1.13-5.47 puM for chloroquine (Wang et al.,
2020; Yao et al., 2020) or, and 0.72-1.38 puM for hydroxychloroquine
(Yao et al., 2020; Yuan et al., 2020). These values are higher than
maximal free plasma therapeutic concentrations (Cp,ax) estimated at
0.41 pM for chloroquine (Borsini et al., 2012) and 0.495 pM (215 ng/ml)
for hydroxychloroquine (Yao et al., 2020) taken in usual doses. Although
initial small-scale clinical trials with chloroquine/hydroxychloroquine
on coronavirus-infected patients reported positive results, subsequent
randomized unbiased trials were negative (Gasmi et al., 2021; Hernan-
dez et al., 2020; Horby et al., 2020; Kashour et al., 2021). Moreover,
severe cardiac arrhythmias associated with QT prolongation were re-
ported by many studies (Borba et al., 2020; Chorin et al., 2020; Gérard
et al., 2020; Mercuro et al., 2020; Roden et al., 2020; Tleyjeh et al.,
2020), including a retracted Lancet paper (Mehra et al., 2020; Piller,
2021). As a consequence, on June 15, 2020, the FDA revoked the EUA
for hydroxychloroquine and chloroquine in clinical trials on
coronavirus-infected patients (US Food and Drug Administration, 2020).

Given the arrhythmogenic effects of 4-aminoquinoline antimalarials
(Mubagwa, 2020; Vicente et al., 2019), and the fact that
SARS-CoV-2-infected patients often present myocardial injury by mul-
tiple mechanisms (Topol, 2020) and are highly susceptible to arrhyth-
mias, the aim of our study was to perform an in-depth in vitro exploration
of pharmacological effects of chloroquine and hydroxychloroquine on
multiple human cardiac ion channels and to compute several proar-
rhythmogenic risk predictors following the principles and methods
emerged from the CiPA initiative, a new paradigm for cardiac safety
pharmacology (Fermini et al., 2016; Sager et al., 2014).

2. Materials and methods

2.1. Electrophysiology experiments on human ion channels expressed in
heterologous cell lines

We used for experiments HEK293T cell lines stably or transiently
expressing human cardiac ion channel subunits genes: stably expressed
hERG1, inducible hNav1.5, inducible hKv7.1+hMinK, hKir2.1 included
in a plasmid (pCWXPGR-pTF-Kir2.1, a gift from Patrick Salmon: Addg-
ene plasmid #114284; http://n2t.net/addgene:114284; RRID:Addg-
ene_114284). Transient transfection was done with LipoD293™ reagent
(SignaGen® Laboratories) following manufacturer’s instructions. Cell
lines were seeded in multi-well plates and cultured in standard condi-
tions (5% CO3, 37°C) in humidified incubators. For passages or prepa-
ration of cell suspensions for automated patch-clamp experiments cells
were detached by either 3-min treatment with trypsin-EDTA or 7-min
treatment with Accutase® (A6964, Sigma-Aldrich) at 37°C. The cells
were briefly centrifuged, resuspended in extracellular solution at high
density for automated patch-clamp experiments or placed on 35-mm
diameter Petri dishes in extracellular solution, and kept at 37°C for at
least 30 min to adhere for manual patch-clamp experiments. For
hNav1l.5 and hKv7.1 experiments, cells were replated at low density on
35-mm diameter Petri dishes, and only isolated cells were approached
by patch-clamp to avoid electrically coupled clusters of cells (Pritchett
et al., 1988) where voltage cannot be rigorously clamped for the entire
group of cells (Verdoorn et al., 1990).

Most electrophysiology experiments were performed at room tem-
perature (RT: 22-25°C) with either automated or manual patch-clamp
setups. For automated patch-clamp we used CytoPatch™2 Cytocenter-
ing® (Stett et al., 2003) platforms with dual-channel microfluidic chips
with quartz pipette tips (2.5 pm inner diameter), as described previously
(Airini et al., 2019; Mann et al., 2019; Scheel et al., 2014). For manual
patch-clamp experiments we used classical setups equipped with
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WPC-100 resistive feedback amplifiers (ESF electronic, Gottingen, DE)
and pipettes pulled from borosilicate glass capilaries (GC150F-10;
Harvard Apparatus, USA) with resistance of 2-3 MQ in the whole-cell
configuration on cells perfused with a home-made solution application
system at a flow rate of 100-200 pl/min, as described previously (Airini
et al., 2019; lordache et al., 2016). For hNavl.5 and hKv7.1 experi-
ments, the continuous perfusion flow rate was approximately 1 ml/min
and series resistance compensation was 50-80%.

Some experiments on hERG1 channels were performed at physio-
logical temperature (PT: 37°C) using manual patch-clamp and a Peltier-
controlled perfusion system similar to that described in (Reid et al.,
2001), except for a new microfluidic chamber with lateral walls made of
mica instead of glass and an analog instead of a computerized PID
(proportional-integrative-derivative) feed-back controller. The flow rate
was between 100 and 200 pl/min and the temperature fluctuations of
perfused solution were in the range of £2°C. Other manual patch-clamp
experiments at PT were performed on hNav1.5 using a TCO1 tempera-
ture controller and PHO1 perfusion cannula (Multichannel Systems,
Reutlingen, DE).

For exploring effects on hERG1 we applied multiple voltage-clamp
protocols. In both automated and manual patch-clamp experiments we
applied a standard 2-step voltage-clamp protocol, starting from a hold-
ing potential of —70 mV, consisting of a 2-s depolarizing step at +40 mV
followed by a 2-s step at —50 mV; the peak hERG1 current during this
second step was measured relative to the average current during a brief
(100 ms) step at —50 mV applied prior to the first depolarizing step.

In manual patch-clamp experiments performed on hERG1 channels
at RT one single concentration of drug was tested per experiment. The
standard protocol was applied under control conditions in the absence of
drug and when the inhibitory effect of drug reached a steady level. In
between we applied a modified Milnes protocol (Milnes et al., 2010)
with 10-s depolarizing pulses at 0 mV from a holding potential of —80
mV repeated at 25-s intervals. Membrane resistance was monitored with
brief (100 ms) pulses to —90 mV applied before the main depolarizing
pulses. After testing for the stability of current level at the end of the 10-s
depolarizing step in control conditions drug application started. Current
traces recorded during this step initially and at steady-state inhibition
were used to compute the fractional block (Milnes et al., 2010), and
plots of the inverse of time constant of fractional block vs. drug con-
centration were used for an onset-of-block kinetics analysis to infer the
blocking and unblocking rates (Caballero et al., 2004; Wagner et al.,
2010). In manual experiments performed at PT we applied 4 increasing
concentrations of each tested drug, monitoring the peak hERG current
elicited by the standard 2-step votage-clamp protocol applied at 10-s
intervals.

In automated patch-clamp experiments the standard voltage-clamp
protocol was applied at 10-s intervals with monitoring and continuous
plotting of peak hERG1 current, measured relative to the average cur-
rent during the brief step at —50 mV preceding the main 2-s depolarizing
step. After stabilization of peak current amplitude in control conditions a
drug was applied consecutively at 4 progressively increasing concen-
trations under continuous perfusion for 4 min at each concentration to
monitor inhibitory effects on peak hERG current, followed by a 5-min
wash-out period to assess reversibility of drug inhibition. In a series of
experiments we applied a supplementary sequence of 5 voltage-clamp
protocols adapted from (Vandenberg et al., 2012) in control condi-
tions and at each drug concentration to explore pharmacological effects
on kinetics of hERG current deactivation, inactivation, recovery from
inactivation, and voltage dependence of activation and inactivation. All
these protocols started from a holding potential of —80 mV. For the
deactivation protocol, a 500-ms depolarizing step at +40 mV was fol-
lowed by 2-s steps between —50 and —160 mV in 10-mV decrements; the
current traces during these steps were fitted with double exponential
functions to obtain time constants of fast and slow deactivation. For the
inactivation protocol, a 500-ms depolarizing step at +40 mV was fol-
lowed by a brief (25 ms) step at —90 mV for fast recovery from
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inactivation, and then by 200-ms depolarizing steps between —80 and +
60 mV in 10-mV increments, during which the time constants of hERG
current inactivation were obtained by monoexponential fits. For the
recovery-from-inactivation protocol, a 500-ms depolarizing step at +40
mV was followed by 500-ms steps between +40 and —160 mV in 10-mV
decrements, during which the time constants of hERG current recovery
from inactivation were obtained by monoexponential fits. For the
voltage dependence of activation protocol, 5-s depolarizing steps be-
tween —70 and + 50 mV in 10-mV increments were followed by a
300-ms step at —50 mV during which the peak hERG current was
measured relative to the average level of the first sweep (with prepulse
at —70 mV), where no hERG activation occurs; the current values were
normalized by dividing peak currents of all sweeps with the highest peak
current and plotted against the voltages of the preceding step. For the
voltage dependence of inactivation protocol, a 500-ms depolarizing step
at +30 mV was followed by brief (30-ms) steps between +30 and —140
mV in 10-mV decrements, during which channels were removed from
inactivation to variable degrees, and then by a second 500-ms depola-
rizing step at +30 mV; the peak tail currents measured at the beginning
of this second depolarizing step were plotted against the voltage of the
preceding step, fitted with Boltzmann charge-voltage functions, then
current values were normalized relative to the upper plateau value of the
fit, replotted and refitted with the same function over a range of voltages
where deactivation during the 30-ms step exerted negligible effects.

For the cardiac voltage-dependent Na™ current component hNav1.5
we used a series of voltage-clamp protocols as follows. The protocol for
peak and late Iy, measurement in the presence of ATX-II started from a
holding potential of —120 mV, included a 677-ms preconditioning step
at —130mV followed by a 33-ms activation step at —20mV, a 188-ms
step at 0 mV and a 88-ms ramp to —110 mV; the repeat interval was
7400 ms. The activation protocol started from a holding potential of
—110mV, included a 677-ms preconditioning step at —130 mV followed
by a 33-ms activation step between —100 mV and 0 mV in 5-mV in-
crements (21 sweeps); the intersweep interval was 1400 ms. The inac-
tivation protocol started from a holding potential of —110 mV, included
a 677-ms preconditioning step at —140 mV up to —40 mV in 5-mV in-
crements (21 sweeps) followed by a 33-ms activation step at —20 mV;
the intersweep interval was 1400 ms.

For the slow delayed rectifier K™ current hKv7.1+hMinK we used a
double-step voltage-clamp protocol starting from a holding potential of
—110 mV, including a 3300-ms activation step at +20 mV followed by a
4400-ms step at —40mV for measurement of tail current; the repeat
interval was 20000 ms.

For the cardiac inward rectifier K current hKir2.1, transfected cells
were selected based on green fluorescence via epifluorescence micro-
scopy with blue light excitation and approached by whole-cell patch-
clamp. A standard double-ramp voltage protocol, composed of a 2-s
ascending ramp from —120 mV to +80 mV followed by a symmetrical
descending ramp, starting from a holding potential of —70 mV, was
applied repeatedly at 10-s intervals. The current level was measured at
—120 mV at the beginning of the ascending ramp. After verifying current
level stability in control conditions, 3 pM chloroquine or 10 pM
hydroxychloroquine were applied until current inhibition reached a
steady value, followed by BaCly 1 mM. The current level in BaCly was
subtracted from previous current measurements to assess the specific
hKir2.1 current component.

2.2. Electrophysiology experiments on human induced pluripotent stem
cell-derived cardiomyocytes

Ventricular-enriched human induced pluripotent stem cell-derived
cardiomyocytes (hiPSC-CM Pluricyte® cardiomyocytes provided by
Ncardia) were stored in liquid nitrogen, thawed, plated at high density
in 24-well sterile cell culture plates precoated with fibronectin (F1141,
Sigma-Aldrich) and cultured in standard conditions (5% CO, 37°C) in
humidified incubators for up to two weeks, with medium changes every
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second day, according to manufacturer’s instructions. After 2-3 days in
culture the cardiomyocytes developed confluent spontaneously con-
tracting monolayers. For experiments cardiomyocytes were dissociated
by 7-min treatment with Accutase® at 37°C followed by 3-4 h treatment
at the same temperature with 2 mg/ml Collagenase A (11 088 866 001,
Roche Diagnostics) in serum-free Iscove’s Modified Dulbecco’s Medium
(IMDM) mixed with standard extracellular solution 1:1. Cells were de-
tached by gentle pipetting, briefly spun in an Eppendorf micro-
centrifuge, resuspended and plated on 35 mm diameter Petri dishes kept
at 37°C for at least 30 min prior to experiments. Manual patch-clamp
experiments were performed at room temperature as described above,
with the same external and internal solutions, but in the p-escin-perfo-
rated whole-cell configuration, using 15-30 pg/ml p-escin added to the
pipette solution. After perforation to an access resistance (R,) of less
than 15 MQ we applied a series of 3 standard voltage-clamp protocols as
described previously (Mann et al., 2019) plus the standard double-ramp
protocol described above in voltage-clamp mode, and a standard
current-clamp protocol with 3 brief current pulses (500 pA, up to 2.5 ms
duration, at 3-s intervals). If spontaneous pacemaking was present it was
suppressed by applying a faint steady hyperpolarizing current up to 30
PA (Scheel et al., 2014). This sequence of protocols was applied in
control conditions, then after 3-5 min from the start of continuous
perfusion with 5 pM chloroquine or 10 pM hydroxychloroquine.
Voltage-clamp and current-clamp recordings (where ventricular-like
action potentials (AP) were present) were analyzed to assess effects of
the two compounds on different ion current components and AP
parameters.

2.3. Solutions and chemicals

The standard external solution contained (in mM): NaCl 140, KCl
2.5, MgCl, 2, CaCl, 2, HEPES 10, D-glucose 10, sucrose 20, pH 7.40 at
25°C titrated with NaOH. CaCly, MgCl,, glucose and sucrose were added
on the day of the experiment from 1 M aqueous stock solutions. The
internal (pipette) solution had the following composition (in mM): KCl
140, NaCl 5, CaCl, 1, MgCl, 2, EGTA 11, HEPES 10, pH 7.20 at 25°C
titrated with KOH. Both solutions were sterile filtered after preparation
with 0.22 pm polyvinyl filters (Merck Millipore). For hNavl.5 re-
cordings the external solution contained (in mM): NaCl 140, KCl 4,
CaCly 5, MgCly 1, HEPES 10, pH 7.4 with NaOH, and the internal so-
lution contained (in mM): CsF 60, CsCl 50, NaCl 10, HEPES 10, EGTA 20,
pH 7.20 with KOH. For hKv7.1 recordings we used the same external
solution as for hNav1.5 and an internal solution containing (in mM): KCl
130, MgCl, 1, MgATP 5, HEPES 10, EGTA 5, pH 7.20 with KOH. For
automated patch-clamp experiments the osmolality of external solution
was adjusted to 325 mOsm/kg H20 and that of internal solution to 290
mOsm/kg H,0. External solution and deionized water for the automated
patch-clamp equipment were degassed overnight by magnetic stirring
into bottles connected to a low-grade vacuum pump or by brief boiling
in a microwave oven followed by vigorous mechanical shaking to
remove air bubbles. For perforated patch-clamp experiments on Pluri-
cyte® hiPSC-CM, B-escin (Sigma E1378) was added freshly to the in-
ternal solution on the day of experiment from a 3-mM stock solution in
water. Chloroquine sulfate (C1650000) and hydroxychloroquine sulfate
(Y0001839) were purchased as European Pharmacopoeia certified
reference standard compounds from European Directorate for the
Quality of Medicines & HealthCare. Aqueous stock solutions (10 mM)
were prepared and stored at —22°C for several weeks. ATX-II (Alomone
labs STA-700) was dissolved in external solution at a final concentration
of 20 nM. All other chemical reagents were from Sigma-Aldrich or Merck
Millipore unless otherwise specified.

2.4. Data analysis

Throughout the paper data are reported as mean + SD or mean +
SEM, as appropriate, with n indicating the number of cells recorded in
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each experimental condition. Statistical significance was tested via
Student’s t tests or one-way ANOVA, their non-parametric variants if
normality condition was not met, or regression analysis, using a critical
level a = 0.05. For experiments on cell lines expressing human cardiac
ion channels the selection criteria were a membrane resistance >0.2 GQ,
an access resistance <20 MQ and a holding current < 100 pA (<300 pA
for hKir2.1) at —70 mV. For hiPSC-CM experiments the selection criteria
were an access resistance <20 MQ (in most experiments it decreased
<10 MQ) and an initial holding current < 200 pA (although for most
cardiomyocytes it was <100 pA) at —60 mV.

Automated analysis of voltage-clamp and current-clamp recordings
in hiPSC-CM was performed as described previously (Mann et al., 2019).
Half-inhibitory concentrations (IC50) and Hill coefficients (ny) for
chloroquine and hydroxychloroquine effects on different cardiac ion
channels obtained in experiments on cell lines and hiPSC-CM, together
with blocking/unblocking rates and activation voltage shifts for hERG1
channels were used to compute proarrhythmogenic risk predictors Bpet
(Mistry, 2018, 2019) and Qqet (Dutta et al., 2017). For Quet we used a
modified C++ script of the O’Hara-Rudy 2011 model (O'Hara et al.,
2011) including the Markov hERG gating model proposed by others (Li
et al., 2017b) but with open bound and inactivated open bound states
removed, using instead direct experimental estimates of blocking and
unblocking rates.

3. Results

3.1. Blocking effects of chloroquine and hydroxychloroquine on hERG1
channels

Both chloroquine and hydroxychloroquine exerted strong inhibitory
effects on peak hERG current amplitude measured with the standard
manual two-step hERG voltage-clamp protocol (Fig. 1 a,b). During the
first 2-s depolarizing step at +40 mV hERG channels open and then
inactivate, while during the second 2-s step at —50 mV the channels exit
the inactivated state very quickly (in a few milliseconds), giving rise to a
specific tail peak hERG current. Measurements of hERG peak current
amplitude were done relative to the current level during the 100-ms step
at —50 mV preceding the main depolarizing step. Similar results were
obtained using the same voltage protocol in automated patch-clamp
experiments (CytoPatch™2) in the whole-cell configuration on
HEK293T cells stably expressing hERG1. Fig. S1 of Supplemental files
illustrates the time lines of corrected peak hERG current measured in
automated patch-clamp experiments at 10-s intervals with application of
four consecutively increasing concentrations of chloroquine or
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hydroxychloroquine, as well as representative current traces recorded in
these experiments initially and at each concentration when steady-state
inhibition was obtained. Tables S1-S4 of Supplemental files show rela-
tive hERG current inhibition by each drug concentration tested in in-
dividual automated and manual patch-clamp experiments, as well as
average values + SD. These average values were plotted in dose-
response graphs shown in Fig. 1 ¢,d and were fitted with Hill func-
tions, yielding similar half-inhibitory concentrations (IC50) for each
drug in automated vs. manual experiments at RT: for chloroquine IC50
= 1.82 pM (nyg = 1.36) for automated patch-clamp vs. IC50 = 1.85 pM
(ng = 0.90) for manual patch-clamp, and for hydroxychloroquine IC50
= 3.42 pM (nyg = 1.02) for automated patch-clamp vs. IC50 = 4.79 pM
(ng = 0.85) for manual patch-clamp. For chloroquine at PT in manual
patch-clamp experiments we obtained IC50 = 1.29 pM (ng = 1.25)
(Fig. 1c and Table S2 of Supplemental files).

In manual patch-clamp experiments only (at RT) we also applied a
modified Milnes protocol (Milnes et al., 2010) consisting of 10-s depo-
larizing steps at 0 mV from a holding potential of —80 mV, repeated at
25-s intervals, to study the onset-of-block kinetics. In Fig. 2 a,b the first
traces (marked in red) were recorded initially with this protocol in
control conditions, and the subsequent ones in the presence of the
blocker, until current inhibition reached a steady-state. By plotting the
difference between the initial current and the current in the presence of
blocker at steady state (marked in magenta) divided by the former
against time we obtained the kinetics of fractional block. The inverse of
the monoexponential time constant of fractional block represents the
sum of the microscopic blocking and unblocking rates. Therefore by
plotting this value at different drug concentrations and applying linear
fits we could directly estimate the blocking rates kg as slopes of these
linear fits and the unblocking rates kg as Y axis intercepts, as shown in
Fig. 2 c,d. This method represents the onset-of-block kinetics analysis
(Caballero et al., 2004; Wagner et al., 2010). By applying it we obtained
for chloroquine kg = 0.366 pM’ls’l, kg = 0.108 s’l, and for hydrox-
ychloroquine kg = 0.213 pM s ™%, kg = 0.566 s 1.

We also analyzed the voltage dependence of block induced by the
two antimalarial drugs, by measuring the unblocked current following
long (5 s) depolarizing steps at different potentials (as shown in Fig. 52
of Supplemental files), considering only those potentials where hERG
channel activation is quasicomplete. By fitting these relative peak hERG
current vs. voltage plots (illustrated in Fig. 3) with a special Boltzmann
charge-voltage function (Amuzescu et al., 2003):

Ig /1 =1/ (1 + exp((-AGpina + 2FO V) / RT))

Fig. 1. Inhibitory effects of chloroquine and
hydroxychloroquine on hERG1 channels.
Standard hERG protocol applied to
HEK293T cells stably expressing hERG1
approached by manual whole-cell patch-
clamp initially and in the presence of chlo-
roquine 3 pM (a) or hydroxychloroquine 10
pM (b). Dose-response curves for inhibition
of peak hERG current elicited with the
=50 mV. -7omv  standard hERG protocol fitted with Hill
functions in manual vs. automated patch-
clamp experiments for chloroquine (at
room temperature-RT, and physiological
temperature-PT)  (¢) and  hydroxy-
chloroquine (d). Data points represent
average values and error bars SD of multiple
experiments (n = 3-7); individual values are
listed in Tables S1-S4 of Supplemental files.
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Fig. 2. Inhibitory effects of chloroquine and hydroxychloroquine on hERG1 channels assessed with a Milnes protocol and onset-of-block kinetics analysis. a,b.
Typical experiments on HEK293T cells stably expressing hERG1 approached by manual whole-cell patch-clamp. A modified Milnes protocol with 10-s depolarizing
steps at 25-s intervals was applied: first sweep in control conditions and subsequent sweeps during drug application until current inhibition reached a steday value,
allowing computation of the fractional block (lower graphs in a and b). c,d. Onset-of-block kinetics analysis: the inverse of time constant of fractional block was
plotted against drug concentration and linear fits provided values of blocking rates kg (slope) and unblocking rates k.g (Y axis intercepts). Datapoints represent
average values and error bars SD of multiple manual patch-clamp experiments (n = 2-6) at each concentration.
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Fig. 3. Voltage dependence of block by chloroquine and hydroxychloroquine of
hERG current. Experiments were performed on hERG1 channels stably
expressed in HEK293T cells, assessed with the voltage-clamp protocol for
voltage dependence of activation in automated patch-clamp experiments.
Datapoints represent relative peak hERG current values (average + SEM) at
—50 mV (in the presence of blocker relative to control) over ranges of voltage
resulting in complete activation (taken from Fig. 4 a,b) fitted with special
Boltzmann charge-voltage functions (details in Supplemental data), yielding
relative electrical distances 0 of the blocking site in transmembrane electrical
field from interior of the membrane amounting to 0.28 for chloroquine and 0.42
for hydroxychloroquine. The blue and cyan lines represent 95% confidence and
prediction intervals, respectively. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)

where I represents the current amplitude in the presence of the blocker,
I the initial current amplitude in control conditions, AGpinq the Gibbs
free energy difference between blocker bound to site and free blocker in
solution (neglecting transmembrane electrical field effects), V the
transmembrane potential, z the valence of charged blocker molecule
expressed in elementary charges (+2 for both chloroquine and
hydroxychloroquine at normal pH), RT/F the “quantum” of thermal

energy expressed in electrical potential units (~25.7 mV at 25°C), we
could estimate relative electrical distances of the blocking site in
transmembrane electrical field (a concept first proposed by Ann M.
Woodhull (1973)) from the interior of the membrane 6 for the two
compounds: 0.28 for chloroquine and 0.42 for hydroxychloroquine
(Fig. 3).

3.2. Effects of chloroquine and hydroxychloroquine on hERG1 kinetics
and voltage dependence of activation and inactivation

Beyond the main blocking effects, we also explored the influence of
the two antimalarials on kinetics and voltage dependence of activation
and inactivation of hERG1 channels in automated patch-clamp experi-
ments performed on HEK293T cells with stable hERG1 expression,
initially in control conditions and when drug inhibition reached steady-
state at each of the 4 concentrations tested. The protocol for voltage
dependence of activation (Fig. S2 of Supplemental files) consisted in 5-s
depolarizing pulses at various potentials, during which channels opened
and subsequently inactivated, followed by a brief pulse at —50 mV that
drove the channels rapidly out of inactivation and back in the open state.
Thus the peak current amplitude during this step reflects the level of
activation at the voltage of the previous step, and by plotting normalized
peak current levels vs. voltage of preceding depolarizing step we could
obtain the hERG current voltage-dependent activation in control con-
ditions and at different drug concentrations (Fig. 4 a,b).

For studying the voltage dependence of inactivation of hERG1
channels (Fig. S3 of Supplemental files) we applied a 500-ms depola-
rizing step at +30 mV, followed by 35-ms steps at different hyper-
polarized potentials, where hERG channels inactivated during the
previous step recovered from inactivation in a voltage-dependent
manner; the level of recovery from inactivation was assessed by
measuring the peak tail current during the third voltage step at +30 mV.
These peak tail current levels are easier to interpret than the peak cur-
rents during the preceding hyperpolarizing steps because they are eli-
cited at the same voltage and thus directly reflect levels of hERG
conductance activated during the previous step at different voltages. To
obtain the voltage-dependent inactivation the peak tail currents were
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plotted against voltage of preceding step. The plot was fitted with a
Boltzmann function, then current values were normalized relative to the
plateau current value of this Boltzmann function (Fig. 4 c,d). The data
points in Fig. 4 are average values + SEM of data obtained in multiple
experiments in each condition; the individual data are listed in
Tables S5-S8 of Supplemental files. Fig. 4 shows that both chloroquine
and hydroxychloroquine (although to a lesser extent) shift the sigmoid
hERG voltage-dependent activation curves in the hyperpolarizing di-
rection. The voltage-dependent inactivation was not shifted significantly
by either compound. In Fig. 5 a,b the average (+SEM) V » for activation
and inactivation are plotted against concentration of chloroquine and
hydroxychloroquine and fitted by linear regression. The slopes of the
regression lines were significantly (p < 0.05) different from O only for
activation.

We also examined the effects of the two antimalarials on hERG
channels gating kinetics. The hERG deactivation protocol (Fig. S4 of
Supplemental files) consisted in a 500-ms depolarizing step at +40 mV
followed by long (2-s) steps at different potentials, during which chan-
nels were rapidly removed from inactivation and then deactivated.
Double-exponential fits of currents recorded during these steps provided
fast and slow rates of deactivation, illustrated in Fig. 6 a,b (individual

values provided in Tables S9-S10 of Supplemental files). The fast
deactivation rate varies quasiexponentially over the entire range of
tested voltages (—50 to —160 mV), while the slow deactivation rate
reaches a saturating value of 2-3 s~! at approximately —90 mV.

The voltage protocol for hERG inactivation kinetics (Fig. S5 of Sup-
plemental files) activated the channels with a 500-ms depolarizing step
at +40 mV. The subsequent brief step at —90 mV quickly removed
channels from inactivation, while the subsequent 200-ms depolarizing
steps inactivated them again; inactivation time constants and rates were
obtained by monoexponential fits of currents recorded during these
steps. The voltage protocol for hERG recovery from inactivation kinetics
(Fig. S6 of Supplemental files) is only slightly different from the previous
one, lacking the brief intermediate step at —90 mV; hERG channels
opened and inactivated during the 500-ms depolarizing step at +40 mV
are removed from inactivation during subsequent hyperpolarizing steps,
and the rates of recovery from inactivation are obtained from mono-
exponential fits of currents during this brief recovery stage. Inactiva-
tion/recovery form inactivation rates obtained in individual
experiments are listed in Tables S11-S12 of Supplemental data, and
average (+SEM) values of rates are plotted in Fig. 6 c,d. Theoretically
there should be a continuity between the inactivation rates and the
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recovery-from-inactivation rates, reflecting the fact that macroscopic
time constants measured in these experiments are the inverse of the sum
of inactivation and recovery-from-inactivation rates, as described
(Vandenberg et al., 2012). Despite the lack of experimental data points
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at an intermediate potential range (between —50 and —90 mV), our data
are compatible with a continuity of plots between the range of inacti-

vation rates and that of recovery-from-inactivation rates. The two
intersecting straight lines shown in Fig. 6 c,d represent estimates of

late current

voltage-dependent hERG inactivation and recovery-from-inactivation
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Fig. 6. Effects of chloroquine and hydroxy-
chloroquine on deactivation, inactivation
and recovery from inactivation rates of
hERG currents. hERG1 channels stably
expressed in HEK293T cells were assessed
with specific voltage-clamp protocols in
automated patch-clamp experiments. Dose-
dependent effects of chloroquine and
hydroxychloroquine on fast and slow deac-
tivation rates (a,b) and on inactivation and
recovery from inactivation rates (c,d)
assessed at multiple voltages. Datapoints
represent average values and error bars SEM
of multiple experiments at each concentra-
tion (n = 1-14) (individual values are listed
in Tables S9-S12 of Supplemental files) ob-
tained by fitting individual recordings with
double or single exponential functions. The
two intersecting lines in graphs c¢ and
d represent estimates of inactivation and
recovery from inactivation rates of hERG1
channels in control conditions.

rates that approach asymptotically the experimental rate plots at ex-
tremities. Their point of intersection represents the half-inactivation
potential (V7,2), with similar values to those found by Boltzmann
charge-voltage fits in Fig. 4 ¢,d.

3.3. Effects of chloroquine and hydroxychloroquine on hNav1.5 peak and

Both chloroquine and hydroxychloroquine exerted inhibitory effects

control
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o |/, late (at RT) (n=3)
IC50 = 64.94 yM n_ =0.89
o [, peak (at RT) (n=5)
IC50 = 96.23 uM n, =0.281
o [, peak (at PT) (n=3)
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Fig. 7. Inhibitory effects of chloroquine and
hydroxychloroquine on hNav1.5 channels in
the presence of ATX-II 20 nM. CiPA-
compatible voltage protocol for peak and
late Iy, applied to HEK293T cells stably
expressing hNav1.5 in control conditions
and in the presence of chloroquine (a) or
hydroxychloroquine (b). Dose-response
curves for inhibition of peak and late Iy,
fitted with Hill functions for chloroquine (c)
and hydroxychloroquine (d). Data points
represent average values and error bars SEM
of multiple experiments (n = 4 for chloro-
quine, n = 3-5 for hydroxychloroquine);
individual values are listed in Tables S13
and S14 of Supplemental files.
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on peak and late Iy, measured in the presence of ATX-II 20 nM in
HEK293 cells stably expressing hNav1.5 channels, as shown in Fig. 7 a,b
and Tables S13-S14 of Supplemental files. Two measurement points
were used to assess inhibitory effects on late Na* current: immediately
before jump from —20 mV to 0 mV (end of step current at —20 mV), and
at the end of the voltage step at 0 mV, before the descending voltage
ramp (end of tail current at 0 mV). The latter measurement point was
preferred and was used further for computation of IC50 values, as shown
in Fig. 7 ¢,d and Tables 1 and 3, yielding the following values:

- Ina peak: IC50 = 159.15 pM (nyg = 0.98) at RT and IC50 = 39.32 pM
(ng = 0.97) at PT for chloroquine, IC50 = 96.23 pM (ny = 0.81) at RT
and IC50 = 42.44 pM (ng = 1.02) at PT for hydroxychloroquine;

- Ing late: IC50 = 30.37 pM (ny = 0.85) for chloroquine, IC50 = 64.94
pM (ng = 0.89) for hydroxychloroquine.

We also explored in separate experiments without ATX-II the effects
of the two compounds on voltage dependence of activation and inacti-
vation, and found slight but statistically significant hyperpolarizing
shifts (less than 10 mV at highest concentration of drug) of half-
inactivating potential V;,5, as shown in Figs. S7-S8 and
Tables S15-5S16 of Supplemental files.

3.4. Effects of chloroquine and hydroxychloroquine on hKv7.1+hMinK
current

We explored inhibitory effects of chloroquine and hydroxy-
chloroquine on Igs via whole-cell experiments on HEK293 cells with
inducible expression of hKv7.1-+hMinK, using a standard two-step
voltage protocol illustrated in Fig. 8 a,b. The plateau Igs level
measured at the end of the first depolarizing step at +20 mV was only
slightly inhibited by the highest concentrations of drug applied (100
pM), as shown in Fig. 8 ¢,d and Tables S17-S18 of Supplemental files.

3.5. Effects of chloroquine and hydroxychloroquine on hKir2.1 current

HEK293T cells expressing hKir2.1 channels were selected based on
eGFP fluorescence (the eGFP gene was present together with the hKir2.1
gene KCNJ2 on the same plasmid) and approached by whole-cell manual
patch-clamp. The standard double-ramp voltage-clamp protocol
(ascending ramp —120 mV to +80 mV in 2 s with symmetrical
descending ramp) was applied repeatedly at 10-s intervals and the
current level at —120 mV at the beginning of the ascending ramp was
monitored. After verifying current stability in control conditions, chlo-
roquine 3 pM or hydroxychloroquine 10 pM were applied until current
inhibition reached steady values, followed by BaCl, 1 mM, a strong
blocker of Kir2.1 channels. Fig. 9 a,b illustrates I-V plots of current
traces recorded in typical experiments initially, under drug application

Table 1
Estimated chloroquine and hydroxychloroquine Cp,.x and half-inhibitory con-
centrations (IC50) for Iy, (peak and late), Icar, I, Ikr, ks, Ixi-

Chloroquine Hydroxychloroquine
Value source Value (pM) Source
(uM)
Chmax 0.41 Borsini et al. 0.495 (215 Yao et al. (2020)
(2012) ng/ml)
INa peak 159 own data 96.2 own data
1C50
INa 1ate 30.4 own data 64.9 own data
I1C50
Icar, IC50 30.7 own data 90 own data
I, IC50 4600 Wagner et al. 4600 analogy with
(2010) chloroquine
Iy, IC50 1.82 own data 3.42 own data
Ixs IC50 >100 own data >100 own data
Ixq IC50 5.86 own data 29.28 own data
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at steady inhibition, and during final application of BaCly (only the
ascending voltage ramp is shown), while Fig. 9 c,d illustrates the time
course of current inhibition. Current levels recorded in individual ex-
periments are listed in Tables S19-5S20 of Supplemental files. Average
(£SD) steady inhibition of Kir2.1 current amounted to 33.85 + 4.04%
for 3 pM chloroquine and 25.46 + 8.88% for 10 pM hydroxychloroquine,
resulting in estimated IC50 for hKir2.1 channels of 5.86 pM for chloro-
quine and 29.28 pM for hydroxychloroquine, respectively (Table 1).

3.6. Effects of chloroquine and hydroxychloroquine on multiple ion
currents and APs recorded in Pluricyte® ventricular hiPSC-CM

Experiments on ventricular hiPSC-CM commercial preparations
(Pluricyte® cardiomyocytes from Ncardia) were performed by manual
patch-clamp in the p-escin-perforated whole-cell patch-clamp configu-
ration (Mann et al., 2019), as described in the Methods section. By
applying the sequence of 3 standard voltage-clamp protocols (Mann
et al., 2019) in control conditions initially and at 3-5 min since start of
drug application we could assess specific inhibitory effects of the two
compounds on peak voltage-dependent Na™ current (In,), peak L-type
Ca?* current (Icap), peak hERG current (I,), and steady funny current
(Iy). Furthermore, applying a standard current-clamp protocol we could
estimate via automated analysis changes in parameters of externally
paced APs induced by the two compounds. Tables S21-S30 of Supple-
mental files list drug-induced changes in ion currents and AP parameters
obtained in individual experiments, and Fig. 10 illustrates changes in
peak In,, peak Icar, and peak Iy, as well as changes in AP shape induced
by chloroquine or hydroxychloroquine in typical experiments. Chloro-
quine (5 pM) produced an average (+SD) peak Iy, inhibition to 90 +
12% of control values (i.e. a 10% average inhibition), corresponding to
an IC50 of 45 pM, average peak Ic,, inhibition to 86 + 9% of control
values, corresponding to an IC50 of 30.7 uM, and an average peak Ik,
inhibition by 62.78 + 11.12% (to 37.22% of control values). Hydroxy-
chloroquine (10 pM) produced an average (+SD) peak Iy, inhibition to
84 + 16% of control values, corresponding to an IC50 of 52.5 uM, a peak
Ica1, inhibition to 90 + 12% of control values, corresponding to an IC50
of 90 pM, and a peak Ik, inhibition by 70.65 + 18.14% (to 29.35% of
control values). Both compounds failed to elicit any significant effect on
steady Ir amplitudes at the concentrations tested. In current-clamp re-
cordings, 5 pM chloroquine produced on average only a mild prolon-
gation of APD9O0 of externally paced APs (average APD90 104.1 + 32.7%
with chloroquine relative to control). Hydroxychloroquine 10 uM pro-
duced an average APD90 prolongation to 119.2 + 82.6% of control
values.

3.7. Estimation of proarrhythmogenic risk predictors Bper and Qpe for
chloroquine and hydroxychloroquine

The IC50 values for chloroquine and hydroxychloroquine inhibition
of several human cardiac ion channels obtained in this study (plus a few
data from literature), as well as maximal effective free therapeutic
plasma concentrations (EFTPC or Cpax) for the two compounds extracted
also from literature are summarized in Table 1. With these pharmaco-
logical inhibition data and Cp.x values we computed the proar-
rhythmogenic risk predictor By (Mistry, 2018, 2019) using the formula:

B, = ZIRI - ZIDJ
i= Jj=

where XR; and XD represent the sums of relative inhibitions of repola-
rizing and depolarizing cardiac ion currents, defined using Cpax (EFTPC)
values:

Relative inhibition (R; or D) = 1/ (1 + IC50 / Crnax)

The B¢t values obtained via this method (Bper = 0.09116 for chlo-
roquine, Bpet = 0.09176 for hydroxychloroquine) were compared with
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Bhet values of 12 compounds belonging to different proarrhythmogenic
risk groups (Dutta et al., 2017) (Table 2) and were placed in the inter-
mediate risk group.

We proceeded further to compute another relevant proar-
rhythmogenic risk predictor, Qpet (Dutta et al., 2017). For this purpose
we used for numeric integration simulations an O’Hara-Rudy human
ventricular cardiomyocyte electrophysiology and Ca®* cycling model
(O’Hara et al., 2011) with subendocardial cardiomyocyte parameter set
(cell type = 0), including a Markov gating model for hERG as defined by
(Lietal., 2017b), but we simplified the pharmacodynamic component of
this Markov model by removing the open bound (O*) and inactivated
open bound (I0*) states and connecting directly the blocked state (C*) to
the open (O) and inactivated (I) state by experimentally-derived
blocking and unblocking rates (Fig. SO of Supplemental files). The rea-
sons for this simplifying change are multiple. First, we wanted to make
use of the hERG blocking and unblocking rates for chloroquine and
hydroxychlorquine estimated directly from experiments by
onset-of-block kinetics analysis. Second, although the open bound and
inactivated open bound states exist in reality beyond any doubt, corre-
sponding to hERG channel conformations where the blocker molecule
entered the inner vestibule without occupying the final blocking

article.)

position and occluding the ion permeation pathway, in practice they are
extremely difficult to distinguish from the corresponding non-bound
states, featuring the same single-channel levels of conductance. The
distinction based on drug trapping effects and changes in relative frac-
tional block at consecutive applications of the Milnes protocol is also
tricky because the pharmacokinetics of drug penetration into the cell is
variable from one cell to another and rather impredictable, as shown by
own experiments (Fig. 2 a,b), and may interfere with the drug trapping
effect. In order to use this simplified Markov model for the standard
CiPA drugs, we introduced for them compound blocking rates Ep,ax(D)
*Kt, assuming that only the fraction Enyax(D) of channels in the open or
inactivated state is available for drug block. Simulations with this
modified cardiomyocyte electrophysiology and pharmacology model
(C++ script available at https://github.com/bamuzesc/Qnet-for-CiPA.
git, https://zenodo.org/record/5615548#.YXvbQ7hyGSp) were run
for chloroquine, hydroxychloroquine and the standard CiPA compounds
at concentrations from 1x Cpax to 25x Cpax. At each concentration we
ran 1000 2-s pacing cycles and collected Qpet values for the last 10 cy-
cles. For chloroquine and hydroxychloroquine we ran the simulations
both with and without including the drug-induced voltage shifts in
half-activation potential (approximated by the linear fits shown in Fig. 5
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Fig. 10. Effects of chloroquine and hydroxychloroquine on individual ion current components and APs recorded in Pluricyte® hiPSC-derived cardiomyocytes.
Inhibitory effects of chloroquine 5 pM (a) and hydroxychloroquine 10 pM (b) on peak Iy,, peak Ic,, and peak Ix, recorded with the three standard voltage-clamp
protocols described in Mann et al., (2019). Prolongation of externally paced APs recorded in current-clamp mode induced by chloroquine 5 pM (c) and hydroxy-

chloroquine 10 pM (d).

Table 2

Computation of sum of relative inhibitions of repolarizing (£R;) and depolariz-
ing (£D;) cardiac ion currents used to estimate proarrhythmogenic risk predictor
Bpet (Mistry, 2018, 2019) for chloroquine and hydroxychloroquine compared to
the standard 12-compounds panel used by Dutta et al., (2017) (Dutta et al.,
2017) for defining Qpet.

Compound Cax (nM) ZR; ZD; Bhet

Low proarrhythmogenic risk

Mexiletine 4129 0.12513 0.41306 —0.28793
Diltiazem 122 0.00919 0.52779 —0.5186
Ranolazine 1948.2 0.19068 0.22572 —0.03504
Verapamil 81 0.21951 0.29782 —0.0783
Intermediate proarrhythmogenic risk

Chlorpromazine 38 0.03929 0.02527 0.01402
Ondansetron 139 0.09541 0.01573 0.07968
Hydroxychloroquine 495 0.12654 0.03478 0.09176
Chloroquine 410 0.18561 0.09445 0.09116
Terfenadine 4 0.14816 0.00671 0.14145
Cisapride 2.6 0.20474 8.85E-05 0.20465
High proarrhythmogenic risk

Sotalol 14690 0.11759 0.00703 0.11056
Bepridil 33 0.40142 0.04063 0.36078
Dofetilide 2 0.38601 0.0179 0.36811
Quinidine 3237 1.24681 0.52288 0.72393
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a,b) applied to the voltage dependency of all opening and closing rates
included in the hERG Markov model, but including half-activation po-
tential shifts produced only small effects on simulated APs and Qpet
values (Tables S31-S32 of Supplemental files). We also performed
simulations with the modified O’Hara-Rudy model (Li et al., 2017b)
incorporated in the Nottingham AP portal (https://cardiac.nottingham.
ac.uk) (Williams and Mirams, 2015), which uses an IC50-based esti-
mation of hERG inhibition by drugs, and independently with our own
script of the modified O’Hara-Rudy model (Li et al., 2017b) without
pharmacodynamic component and using a hERG open-state probability
weighted by hERG IC50 values for Iy, computation [Ik-
Gkr-/[Kt],/5.4-IKrO-(V — Ex)/(1 + nCpa /IC50)]. In both series of
simulations we used the experimental pharmacological inhibition data
for chloroquine and hydroxychloroquine exposed in Table 1, performing
1000 2-s simulation cycles for drug concentrations in the range of 0-25x
Cmax- The results of these IC50-based hERG inhibition simulations were
very similar, as shown in Tables S31-S32 and Figs. S10-S11. However,
using the experimentally measured hERG blocking/unblocking rate
modeling approach resulted in higher Q¢ values, which became similar
to the hERG IC50-based predicted Qpuet values for chloroquine only at
high concentrations (>20x Cyayx, Fig. S10). Increasing the hERG block-
ing rate (kg) by 3x for chloroquine resulted in Q¢ values similar to those
of hERG IC50-based simulations at low concentrations (1-4 x Cpax,
Fig. S10), while increasing hERG kg by 4.8x for hydroxychloroquine
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Estimated half-inhibitory concentrations (IC50) of chloroquine and hydroxychloroquine for different cardiac ion currents from own experiments compared to data
retrieved from the literature (RT - room temperature, PT - physiological temperature, SAN - sino-atrial node).

Cardiac ion current IC50 (pM) Preparation Ref.
own data Literature
Chloroquine
Ixy 1.82 at RT 0.96 at RT HEK293 Borsini et al. (2012)
1.29 at PT 1.03 at PT CHO Delaunois et al. (2021)
1.47 at PT CHO TeBay et al. (2021)
1.6 at PT (65% block at 3 pM) cat Purkinje fibers Sanchez-Chapula et al. (2001)
2.5 at RT HEK293 Traebert et al. (2004)
7.77 CHO Jordaan et al. (2021)
8.4 Xenopus laevis oocytes Sanchez-Chapula et al. (2002)
Iys >100 >80.9 (11% block at 10 pM) cat Purkinje fibers Sanchez-Chapula et al. (2001)
115 (8% block at 10 pM) human atrial myocytes Borsini et al. (2012)
>300 CHO Delaunois et al. (2021)
Iy 5.86 0.35 (74% block at 1 pM) cat Purkinje fibers Sanchez-Chapula et al. (2001)
1.2 HEK293 Noujaim et al. (2011)
4.98 CHO Delaunois et al. (2021)
Ina peak 159.15 at RT 8.48 HEK293 Jordaan et al. (2021)
39.32 at PT 12.2 (45% block at 10 pM) cat Purkinje fibers Sanchez-Chapula et al. (2001)
40.4 (42.6% block at 30 pM) human atrial myocytes Borsini et al. (2012)
64.2 at RT, 13.95 at PT CHO Delaunois et al. (2021)
Iy, late 30.37 109.2 at RT, 11.6 at PT CHO Delaunois et al. (2021)
Icar 30.7 3.05 HEK293 Jordaan et al. (2021)
17.95 at RT CHO Delaunois et al. (2021)
21.25 (32% block at 10 pM) cat Purkinje fibers Sanchez-Chapula et al. (2001)
Iio - >240 (4% block at 10 pM) cat Purkinje fibers Sanchez-Chapula et al. (2001)
>300 CHO Delaunois et al. (2021)
4600 rat ventricular myocytes Wagner et al. (2010)
It >161.7 227.95 at RT HEK293 Delaunois et al. (2021)
hydroxychloroquine
Iy 3.42 at RT 3.78 at PT CHO TeBay et al. (2021)
5.6 at PT (35% block at 3 pM) guinea pig SAN cells Capel et al. (2015)
6.97 at RT CHO Delaunois et al. (2021)
2.66 at PT
9.7 CHO Jordaan et al. (2021)
Iys >100 >300 at RT CHO Delaunois et al. (2021)
Iy 29.28 44.15 at RT CHO Delaunois et al. (2021)
Ina peak 96.23 at RT 44.15 at RT, 16.99 at PT CHO Delaunois et al. (2021)
42.44 at PT >300 HEK293 Jordaan et al. (2021)
Iya late 64.94 92.87 at RT 21.43 at PT CHO Delaunois et al. (2021)
IcaL 90 7.64 HEK293 Jordaan et al. (2021)
22 at PT (12% block at 3 pM) guinea pig SAN cells Capel et al. (2015)
66.29 at RT CHO Delaunois et al. (2021)
Lo - >300 at RT CHO Delaunois et al. (2021)
It >990 22 at PT (12% block at 3 pM) guinea pig SAN cells Capel et al. (2015)

372.3 at RT, >300 at PT

HEK293

Delaunois et al. (2021)

reached IC50-based Q¢ predictions at 20-25 x Cyax (Fig. S11). Complex
pharmacological effects of the two compounds on AP shape obtained in
different types of simulations are illustrated in Figs. S12-S17.

Qnet values for the two antimalarial compounds (using experimental
hERG blocking/unblocking rate estimates, including drug-induced
activation voltage shifts), together with values for the standard 12-com-
pounds panel (CiPA training set) used by (Li et al., 2017b) and (Dutta
et al., 2017), as well as for other 16 compounds included in a CiPA
validation set (Han et al., 2020; Li et al., 2020) (with inhibition data
retrieved from https://github.com/FDA/CiPA/tree/Lab_Specific_Vali
dation_Calibration_2020/and  https://github.com/FDA/CiPA/blob/La
b_Specific_Validation_Calibration_2020/), for concentrations ranging
from 1 x Cpax to 25 X Cpax, are illustrated in Fig. 11a and b. These
simulations yielded the following values:

- chloroquine: Qpet at 4 X Cpax: 62.81 nC/pF
- hydroxychloroquine: Qpet at 4 x Cpax: 65.84 nC/pF

placing both compounds in the intermediate proarrhythmogenic risk
group. Fig. 12 shows correlation between Bper and Qpet at 4 X Cpax for
chloroquine, hydroxychloroquine and the standard 12-compound panel
used previously (Dutta et al., 2017; Li et al., 2017b).
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4. Discussion

In the present study we characterized inhibitory effects of chloro-
quine and hydroxychloroquine on human cardiac ion channels in het-
erologous expression systems and hiPSC-CM preparations. Assessment
of inhibitory potency of these two compounds yielded IC50 values
largely similar with previous reports (Table 3). Disparity with literature
was observed for hKir2.1 (Sanchez-Chapula et al., 2001), for HCN (Capel
et al., 2015), and for Cavl.2 (Jordaan et al., 2021). These differences
may be due to influence on IC50 of experimental protocol and mea-
surement method (Gomis-Tena et al., 2020), or variable enantiomer
composition (Ducharme and Farinotti, 1996; Lentini et al., 2020). IC50
values for multiple cardiac ion currents decrease with temperature in-
crease to 37°C (Delaunois et al., 2021), although further rise to 42°C
reduces hERG inhibition (TeBay et al., 2021).

hERG inhibitory effects of the two 4-aminoquinoline drugs play
significant roles for their proarrhythmogenic risk. Using a modified
Milnes protocol (Milnes et al., 2010) to assess fractional block and the
onset-of-block kinetics analysis (Caballero et al., 2004; Wagner et al.,
2010) we obtained direct estimates of hERG channels blocking and
unblocking rates. The relative electrical distances 6 of blocking site from
interior found by us are smaller than the value of 0.57 that can be


https://github.com/FDA/CiPA/tree/Lab_Specific_Validation_Calibration_2020/
https://github.com/FDA/CiPA/tree/Lab_Specific_Validation_Calibration_2020/
https://github.com/FDA/CiPA/blob/Lab_Specific_Validation_Calibration_2020/
https://github.com/FDA/CiPA/blob/Lab_Specific_Validation_Calibration_2020/

U. Thomet et al.

a

European Journal of Pharmacology 913 (2021) 174632

Model ORd2011m - IKr dynamic modified
only blocking/unblocking rates E___model (type 0 = endo, 1000 2-s cycles)

100 AA
/ . A —o— chloroquine
° & A —— hydroxychloroquine
90 A AT VYTV VT T F-5-0-9-4-8-9-¢ ¢ low risk
PwS -
/‘:V i o RS S M v VV-v-y —e— mexiletine
Av ‘/«’ — A diltiazem
80 Ve —w— ranolazine
4 —4— verapamil
. _q4—4-<<—< intermediate risk
L 704 P ‘44444—44 S sl s —<— chlorpromazine
= g A A AR A-B-B-O— -@-@- - i
) 9: = -O-0-0-0=-0=0-0-0-0-0- %3&5—57557 —& —<‘> P—terfenadine
= SR - —e— ondansetron
3 R Nigss R ktrr»»r» ki id
o 60 Sbig YN +- cisapride
. -eveddd highrisk
- —a— sotalol
50 R —@— bepridil
X %9044, —+— dofetilide
\ —X— quinidine
40 T j T i T i T T T T T ’
0 5 10 15 20 25
ncC
max
b Model ORd2011m - IKr dynamic modified

only blocking/unblocking rates E_, model (type 0 = endo, 1000 2-s cycles)

80

70

$o%- ﬁf%’

Q_(nCIuF)

50 T g T y T T T

%@Q@ég

/

hid

Zg‘gigféié_g_@_@
D—O—Oxt’;riyb—b_b_é
" XXX X=X -

&

—0O— chloroquine
—O— hydroxychloroquine
low risk
—¥— clozapine
—X— disopyramide
—A— metoprolol
—v— nifedipine
—<{— nitrendipine
intermediate risk
—X— astemizole
—X— azimilide
—O— clarithromycin
—A— domperidone
—0O— droperidol

— loratadine
—<— pimozide
—D>— risperidone
—O— tamoxifen
high risk

g
Pl

>><—><<><—><‘><‘><<><

0nC

max

— ibutilide
—Y— vandetanib

Fig. 11. Qe values at concentrations between 1x and 25x Cpx computed with a modified O'Hara et al., 2011 model with the simplified hERG gating Markov model
proposed by us for chloroquine, hydroxychloroquine and: (a) the standard 12-compounds set used by Li et al. 2017 and Dutta et al., (2017) (the CiPA training set); (b)

a supplementary 16-compounds set used by Han et al., (2020) and Li et al.,

computed for chloroquine from data others
(Sanchez-Chapula et al., 2002).

Another result of our study is the hyperpolarizing shift in voltage
dependence of hERG activation induced by chloroquine/hydroxy-
chloroquine, while the voltage dependence of inactivation is not
changed (Figs. 3 and 4 and Tables S5-S8 of Supplemental files). Similar
hyperpolarizing shifts of hERG channels half-activation potential were
reported for almokalant and dofetilide in studies on dissociated rabbit or
guinea pig ventricular myocytes performed by Prof. Edward Carmeliet
in the early 1990s (Carmeliet, 1992, 1993). Since then it was clear that
the shift is genuine, not a result of reversible state-dependent block, that
it can counteract blocking effects by increasing the fraction of open
channels, and that it may result from drug binding to a secondary site
distinct from the blocking site, with faster accessibility and different
affinity (Carmeliet, 1993). This general property of drugs to exert
hyperpolarizing shifts in voltage-dependent hERG activation in addition
to block was named facilitation by Perry, Sanguinetti and Mitcheson

reported by

12

(2020) (the CiPA validation set).

(Perry et al., 2010). A helical wheel analysis of differential effects on
hERG block and facilitation of S6 point mutants (Hosaka et al., 2007),
together with the assumption that a hyperpolarizing shift in voltage
dependence of hERG activation requires actions exerted before channel
opening, leads to the conclusion that facilitation involves drug binding
to secondary sites on hERG channels, distinct from the blocking site,
involving S6 residues not facing the inner cavity (Gessner et al., 2010).

Drug trapping in the inner cavity by hERG channel closure has been
also described (Carmeliet, 1993). Mitcheson et al. demonstrated the
trapping mechanism using a hyperpolarization-activated hERG
point-mutant (D540K) where MK-499 block was removed at —160 mV
(Mitcheson et al., 2000). Using the Milnes protocol (Milnes et al., 2010),
Windley et al. assessed the drug trapping mechanism for several hERG
blockers (Windley et al., 2017). However, with a unique
long-depolarization step protocol it is virtually impossible to distinguish
real drug trapping (by channel closure) from apparent drug trapping by
slow dissociation from a high-affinity open/inactivated blocked state
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Fig. 12. Correlation between Byer and Qner values at 4x Cpayx for chloroquine,
hydroxychloroquine and the standard 12-compounds set used by Li et al. 2017
and Dutta et al., (2017). The linear regression equation, correlation coefficient
and its statistical significance are shown in insert. Both predictors classify fairly
well compounds into low, intermediate and high proarrhythmogenic risk
groups (demarcation lines shown on graph).

(so-called virtual drug-trapping) or from pharmacokinetic effects in cell
lines featuring temperature-dependent transmembrane drug trans-
porters (Windley et al., 2017, 2018). In our experiments the protocol
used precluded reliable assessment of drug trapping, although we pre-
sume it is present for both drugs. Beyond trapping, the differences be-
tween IC50 and apparent blocking Kp could be influenced by the
above-mentioned hyperpolarizing shifts in voltage dependence of acti-
vation/deactivation rates, given that blocking rates (at least at room
temperature) for fast blockers are limited by hERG channel activation
rates (Windley et al., 2017).

We found (Fig. 6 and Tables S9-S12 of Supplemental files) that both
compounds influenced hERG deactivation, inactivation and recovery-
from-inactivation rates. Most striking were effects of chloroquine on
deactivation rates at less negative potentials (e.g. —50 mV), where a
dose-dependent slow-down of deactivation could be evidenced. The
continuity of activation and recovery-from-inactivation in rate vs.
voltage plots (Fig. 6 ¢,d) is in agreement with previous reports (Van-
denberg et al., 2012). Although type 1 and 2 hERG activators have been
shown to attenuate inactivation (Perry et al., 2009), and other hERG
blockers seem to bind with higher affinity to inactivated channels
(Perrin et al., 2008), our data do not support such effects. Halofantrine, a
chloroquine analogue, was found to bind to inactivation-deficient
point-mutant hERG channels (G628C/S631C) with similar affinity
compared to wild-type channels (Sanchez-Chapula et al., 2004).

Inhibitory effects of chloroquine and hydroxychloroquine on peak
and late Iy, as well as lack of effect on Ixs found in our study are in good
agreement with previous reports (Borsini et al., 2012; Delaunois et al.,
2021; Jordaan et al., 2021; Sanchez-Chapula et al., 2001).

Inhibitory effects of chloroquine and hydroxychloroquine on cardiac
inward rectifier K channels Kir2.1 have been described previously,
with different affinities depending on preparation and experimental
protocol (Delaunois et al., 2021; Noujaim et al., 2011; Rodriguez-Men-
chaca et al., 2008; Sanchez-Chapula et al., 2001). The proposed mech-
anism is direct pore block by interaction with several negatively charged
residues lining the permeation pathway, including E224, D255, D259,
E299 (Noujaim et al., 2011; Rodriguez-Menchaca et al., 2008).

Experiments on Pluricyte® hiPSC-CM via p-escin-perforated patch-
clamp and a series of voltage-clamp and current-clamp protocols
established previously (Mann et al., 2019) allowed us to estimate
inhibitory effects of the two compounds on multiple ion current com-
ponents including Iy, peak, Ica, peak, Iy and Ir in physiological
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conditions, without adding high-potency specific blockers for pharma-
cological isolation of these ion current components. For I, the estimated
IC50 values (2.96 pM for chloroquine and 4.15 pM for hydroxy-
chloroquine) were largely similar to those yielded by both automated
and manual patch-clamp experiments on hERG1-expressing HEK293
cells. Although with the currently applied protocol we could measure
only the total delayed rectifier K current, representing a mixture of I,
and Ixs, usually Iy, is the main component, while Ixs activation requires
B-adrenergic stimulation. In our experimental conditions we could elicit
externally-triggered APs in over 40% of the hiPSC-CM (Amuzescu et al.,
2021), and most of them were ventricular-like (Tables S29-S30 of
Supplemental files), but in some cases we had to apply steady external
hyperpolarizing currents up to 30 pA to suppress spontaneous pace-
making (Scheel et al., 2014). APD prolongation by chloroquine/hy-
droxychloroquine in individual experiments is consistent with that
reported by others (Borsini et al., 2012; Capel et al., 2015; Filgueir-
as-Rama et al., 2012; Sanchez-Chapula et al., 2001) and with QT, pro-
longation induced by chloroquine in clinical trials (Becker et al., 2021;
Cardiac Arrhythmia Suppression Trial (CAST) Investigators, 1989; Cook
et al., 2006; Vicente et al., 2019).

Both Bper (Mistry, 2018, 2019) and Qe (Dutta et al., 2017; Li et al.,
2017b) are reliable proarrhythmogenic risk predictors. Our study
proved statistically significant correlation for chloroquine/hydroxy-
chloroquine and the 12-compound panel used by (Li et al., 2017b). Qpet
values found by us for the two antimalarials (Table S31 of Supplemental
files) are similar to those reported by (Delaunois et al., 2021; Whittaker
et al., 2021), along with APD-prolongation and EAD-induction effects
found in other simulation studies (Montnach et al., 2021; Varshneya
et al., 2021). Although Qpet provides an in-depth mechanistic interpre-
tation of proarrhythmogenic effects (Parikh et al., 2019), we found that
the method requires supplementary precautions and avoiding simulated
APs that actually feature EADs.

Clinical studies evidenced significant QT prolongation by chloro-
quine and hydroxychloroquine (Borba et al., 2020; Chorin et al., 2020;
Roden et al., 2020; Vicente et al., 2019) and increased risk of arrhyth-
mias (ventricular tachycardia/fibrillation, torsades-de-pointes, cardiac
arrests) (Gérard et al., 2020; Grandvuillemin et al., 2021; Roden et al.,
2020; Tleyjeh et al., 2020), particularly at high doses and during
hypokaliemia (TeBay et al., 2021). Although initial in vitro efficiency
results (Wang et al., 2020) and non-randomized clinical trials suggested
effectiveness against coronavirus-induced cytokine storm (Gao et al.,
2020; Guo et al., 2020; Jean et al., 2020; Mehta et al., 2020; Yao et al.,
2020), subsequent large-scale trials failed to demonstrate any benefit of
the two antimalarials for SARS-CoV-2-infected patients (Borba et al.,
2020; Hernandez et al., 2020; Horby et al., 2020; Pan et al., 2021).
Similar disappointing results were obtained with hydroxychloroquine
administered to macaque monkeys artificially infected with SARS-CoV-2
(Maisonnasse et al., 2020). SARS-CoV-2 infection association with
endothelium damage (Wadman et al., 2020) and viral myocarditis
(Chang et al., 2021; Topol, 2020), in combination with possible car-
diomyopathy induced by chloroquine per se (Tonnesmann et al., 2013),
represent further arguments against use of the two antimalarials in
coronavirus-infected patients. The immunomodulatory effect of chlo-
roquine via TLR7/TLR9 inhibition by impaired lysosomal acidification
(In ’t Veld et al., 2021; Kuznik et al., 2011; Tohmé and Manoury, 2014)
may not be beneficial during coronavirus infection, since it was postu-
lated that higher TLR7 expression in women vs. men via incomplete X
chromosome inactivation may protect against viral infections including
SARS-CoV-2 (Takahashi and Iwasaki, 2021).

5. Conclusions

In conclusion, we have shown via automated and manual patch-
clamp experiments on cell lines expressing human cardiac ion chan-
nels and hiPSC-CM multiple inhibitory effects of chloroquine and
hydroxychloroquine. We also produced direct estimates of hERG
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blocking and unblocking rates via onset-of-block kinetics analysis.
Proarrhythmogenic risk predictors Bpet and Qnet computed based on
these data provided similar results, placing the two compounds in the
intermediate proarrhythmogenic risk group. In addition, we studied the
voltage dependence of hERG block and also provided evidence for drug-
induced hyperpolarizing shifts in voltage-dependent activation of hERG
channels, as well as smaller hyperpolarizing shifts of voltage-dependent
inactivation of hNav1.5 channels. However, these shifts applied to in
silico simulations produced only small changes in Qpet values. Overall,
we proved that CiPA-based methods can be combined and effectively
used for proarrhythmogenic risk prediction in a real-life example.
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