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ARTICLE

Investigational Treatments for COVID-19 may Increase
Ventricular Arrhythmia Risk Through Drug Interactions

Meera Varshneya'", Itziar Irurzun-Arana'", Chiara Campana', Rafael Dariolli', Amy Gutierrez', Taylor K. Pullinger' and Eric A. Sobie'*

Many drugs that have been proposed for treatment of coronavirus disease 2019 (COVID-19) are reported to cause cardiac ad-
verse events, including ventricular arrhythmias. In order to properly weigh risks against potential benefits, particularly when
decisions must be made quickly, mathematical modeling of both drug disposition and drug action can be useful for predict-
ing patient response and making informed decisions. Here, we explored the potential effects on cardiac electrophysiology
of four drugs proposed to treat COVID-19: lopinavir, ritonavir, chloroquine, and azithromycin, as well as combination therapy
involving these drugs. Our study combined simulations of pharmacokinetics (PKs) with quantitative systems pharmacology
(QSP) modeling of ventricular myocytes to predict potential cardiac adverse events caused by these treatments. Simulation
results predicted that drug combinations can lead to greater cellular action potential prolongation, analogous to QT pro-
longation, compared with drugs given in isolation. The combination effect can result from both PK and pharmacodynamic
drug interactions. Importantly, simulations of different patient groups predicted that women with pre-existing heart disease
are especially susceptible to drug-induced arrhythmias, compared with diseased men or healthy individuals of either sex.
Statistical analysis of population simulations revealed the molecular factors that make certain women with heart failure
especially susceptible to arrhythmias. Overall, the results illustrate how PK and QSP modeling may be combined to more

precisely predict cardiac risks of GOVID-19 therapies.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Several drugs being investigated for treatment of coro-
navirus disease 2019 (COVID-19) have been reported to
prolong cardiac action potentials.

WHAT QUESTION DID THIS STUDY ADDRESS?

Do drugs and drug combinations that have been pro-
posed for treatment of COVID-19 increase ventricular ar-
rhythmia risk in particular patient groups?

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
Drugs and drug combinations being used to treat
COVID-19 may increase risk of ventricular arrhythmias,

The rapid spread of coronavirus disease 2019 (COVID-19)
worldwide, in the absence of established therapeutics, has
forced clinicians to improvise by treating patients “off label”
with drugs that were approved to treat other diseases. The
investigational off-label use of such drugs for COVID-19
has led to the initiation of several clinical studies, generally
small in scope due to the urgent nature of the healthcare
crisis. Some of these have included drug combinations,
such as lopinavir (LP) plus ritonavir (RT)"? or chloroquine
(CQ) plus azithromycin (AZ).35 Under the current pandemic

particularly
disease.
HOW MIGHT THIS CHANGE DRUG DISCOVERY,
DEVELOPMENT, AND/OR THERAPEUTICS?

The research provides an approach to weigh the po-
tential benefits of COVID-19 treatments against the risks
of adverse events from these therapeutics.

in women with pre-existing cardiac

conditions, with clinicians attempting to maintain scientific
rigor while delivering treatments quickly, it can be difficult
to properly weigh the potential benefits of drugs against the
risks of adverse events. It can be especially challenging to
determine the risks of drug combinations because specific
combinations have often not been examined during preclin-
ical or early clinical safety assessments.

Mathematical models can be used to rapidly predict the
physiological effects of drug treatments, and simulations
with such models gain importance when time is of the
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essence. This can become particularly true when consid-
ering drug combinations due to the complexities that are
introduced when drugs are co-administered. These can in-
clude both pharmacokinetic (PK) interactions, whereby the
presence of one drug alters the concentration of a second
drug, and pharmacodynamic interactions, whereby the over-
all physiological consequences result from the combined
biological effects of the two drugs. The former can be stud-
ied with pharmacometric approaches, whereas the latter
can be addressed with quantitative systems pharmacology
(QSP) models that explicitly incorporate drug mechanisms
of action. Both PK and QSP simulations are likely to become
particularly important for proposed COVID-19 treatments
because: (i) adverse cardiac events, including QT prolonga-
tion, have been associated with several of these drugs,ﬁ‘8 (ii)
drug disposition has previously been characterized for most
of the drugs being considered for treatment®'?; (jii) model-
ing of pharmacological effects on cardiac electrophysiology,
including adverse events, is a mature area of research'®'°;
and (iv) QSP models can simulate the effects of drugs ap-
plied in different contexts, thereby allowing for the effects of
factors such as comorbidities to be considered.

Here, we present cellular simulation results that predict
an additive drug combination effect on QT prolongation, in-
dicating that these combinations may increase the risk of
ventricular arrhythmias in patients with COVID-19. The sim-
ulations further highlight the importance of sex differences
and the presence of existing cardiac disease, such that par-
ticular drug combinations may be especially dangerous for
women with heart failure (HF). Importantly for future studies,
the results demonstrate a pipeline for systematic exam-
ination and a quantitative methodology that can be used
to balance the potential benefits of COVID-19 treatments
against the risks of cardiac arrhythmias.

METHODS

Drugs considered and data sources

To begin to understand potential side effects caused by
COVID-19 treatments, we considered four drugs currently
under investigation: LP, RT, CQ, and AZ, as well as the
former two and the latter two drugs in combination. We
selected these four drugs for initial analysis because their
effects on cardiac ionic currents have been assessed under
standardized conditions. Crumb et al.'® have reported ef-
fective free therapeutic plasma concentrations (EFTPCs)
for each drug in addition to half maximal inhibitory concen-
tration (IC,;) values that indicate the affinity of each drug
to block the following cardiac ionic currents: (i) fast Na*
current; (i) late Na* current; (jii) transient outward K" cur-
rent; (iv) rapid delayed rectifier K* current; (v) slow delayed
rectifier K" current; (vi) inward rectifier K current; and (vii)
L-type Ca®* current. This publication'® also estimated Hill
coefficients for each drug-channel combination. This uni-
fied data source was exploited for QSP model simulations
of drug effects (see below). IC,, values and estimated Hill
coefficients are shown in Table S1.

Cardiac cellular QSP modeling of drug effects
The O’Hara et al. mathematical model'” of the human endo-
cardial ventricular myocyte was used to simulate the effects
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of drugs on ventricular action potentials (APs). This model,
comprising a system of 41 ordinary differential equations, sim-
ulates interactions between ionic currents and Ca?* cyclingin
the ventricular myocyte, and drug-induced changes to APs in
models such as these are well-correlated with clinically ob-
served changes to electrocardiographic waveforms.'®'°
Block of ionic currents by particular drugs was simulated
with a pore block model. With this approach, the conductance
(G) of each ionic current is scaled based on drug concentration
([C]), the IC,, value, and the Hill coefficient (H) that together
describe how the drug blocks that current, for example:

H
Gdrug _ ICso

Groang  ICH + [C]"

All simulation results were obtained during steady-state
pacing at 1 Hz. An electrical stimulus current (2 ms duration,
32 pA/cm? amplitude) was applied repeatedly to induce ac-
tion potentials once per second, simulating a typical resting
heart rate. A series of 100 consecutive stimuli were delivered
to each cell, which usually caused cells to reach steady-
state, meaning that consecutive action potentials were
identical. When steady-state was reached, we quantified AP
duration (APD) as the interval from the AP upstroke (maximal
rate of rise) until membrane voltage decreased by 90% from
peak level to resting level. Drug-induced AP prolongation
was calculated as AAPD (i.e., drug-treated minus untreated
cells). We defined cells as exhibiting arrhythmic dynamics
when APD was not constant from beat to beat, due to repo-
larization failure, secondary membrane depolarizations, or
an alternating long-short pattern known as alternans.

Modeling of pharmacokinetics
To link drug concentrations in the QSP simulations with free
plasma drug concentrations that are likely to be observed in
patients, we used PK models to simulate drug disposition of
Az CQ," or LP + RT."® These models, implemented as pub-
lished, allowed us to simulate temporal changes in either total
or free plasma concentrations with different dosing regimens.
The LP + RT model,'® built with data from 35 treat-
ment-naive HIV-infected patients, showed that plasma
concentrations of these drugs were well-characterized by
a one-compartment model with first-order absorption and
a lag time. An exponential term was used to incorporate
the effect of RT concentration on the clearance of LP, and
we assumed an unbound fraction of 0.01 to relate total
drug concentrations to free plasma concentrations that are
likely to be present in patients.'® The AZ PK model'! was
a three-compartment model with first-order absorption, lag
time, and first-order elimination, and this model calculated
free drug concentrations directly. Finally, a PK model for
CQ plasma concentrations was recently published using
data from 24 healthy subjects.'®> This model consists of
two-compartments, with first-order absorption and elimina-
tion. Because CQ has been shown to accumulate in target
tissues, including the heart, we also used results from a
physiologically-based PK model® developed in Simcyp (ver-
sion 18; Certara, UK). This model was validated using data
from different clinical studies, including PK data of 8 patients
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with COVID-19 after an oral administration of 500 mg CQ
phosphate b.i.d. for 7 days. This model predicted drug con-
centrations not only in plasma but also in the heart, which
allowed us to extract relevant unbound cardiac drug con-
centrations by assuming that the unbound fraction in the
heart (0.39) was identical to the fraction in plasma.'®

Pharmacodynamic variability between individuals
Two factors that are known to influence the risk of drug-in-
duced arrhythmia are female sex®® and the presence of
pre-existing HF.2" We simulated differences between men
and women and between healthy and failing myocytes
using established protocols. These methods, published
by Yang et al.?? and Gomez et al.,?® respectively, consist of
scaling parameter values based on measured differences
in ion transport pathways between male and female hearts,
or between healthy and failing myocytes. More specifically,
each ion transport pathway in the O’Hara et al. model'’ is
associated with a maximal conductance that is proportional
to the number of functional channels, pumps, or trans-
porters in the cell. Differences in ion transport between
cell types can therefore be implemented by scaling these
maximal conductances, and we implemented this scaling
to create four variants of the baseline ventricular myocyte:
healthy male (assumed to be the original model), healthy
female, HF male, and HF female. See Table S2 for details.
Once baseline models for the different patient groups had
been created, we generated virtual populations to simulate
physiological variability between individuals.?*2% All maximal
conductances in the model (Table S3) were randomized about
their respective baseline values by choosing scale factors from
a log-normal distribution.242® This approach ensured that, for
each maximal conductance, approximately half of the cells in
the population would have values greater than normal (scale
factor > 1) and half would be smaller than normal. The degree
of variability was chosen to produce simulated heterogeneity
in action potential waveforms that roughly matches variability
seen in recordings from human myocytes.

Logistic Regression analysis
Simulations of the HF female population predicted that
CQ + AZ therapy could induce arrhythmic dynamics in a mi-
nority of cells (85 of 1,000 cells). To assess why individual cells
within the population were either susceptible or resistant to
arrhythmias, we performed logistic regression analysis on the
population results.?”?® Each cell in the simulated population
was labeled as either a 0 (no arrhythmic dynamics) or a 1 (ar-
rhythmic dynamics) and the MATLAB function MNRFIT was
used to derive a logistic model that can predict the probability
of arrhythmia from the parameter values in each cell. This can
be used to rank-order parameters based on their importance
in governing whether arrhythmic dynamics occur.?"28

Model code is available at the first author’s github reposi-
tory: https://github.com/meeravarshneya1234/COVID19Dru
gs_ArrhythmiaRisk

RESULTS

We performed simulations to predict the effects on
human ventricular APs of LP, RT, CQ, and AZ. Based on a
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comprehensive study of how various drugs affect cardiac
ion channels,'® we calculated that each of the proposed
COVID-19 treatments will block a slightly different com-
plement of ionic currents (Figure 1a). These drug-specific,
concentration-dependent alterations to ionic currents were
applied to a mathematical model of the human ventricular
endocardial myocyte'” to predict drug-induced changes to
cardiac APs. Simulations performed with each drug at 10
times the reported EFTPC show that all drugs can induce
substantial AP prolongation at these high concentrations
(Figure 1b), with lopinavir causing the most dramatic ef-
fects. Simulations performed across drug concentrations
ranging from 0.3 times to 10 times EFTPC confirm that the
drugs prolong APD (AP duration at 90% repolarization) in a
concentration-dependent manner, with the largest effects
occurring at the highest drug concentrations (Figure 1c).
Because recently published clinical studies on COVID-
19 treatments have delivered combination therapy,' we
next simulated the combined effects of LP + RT"? and
CQ + AZ.*>® Importantly, the simulations predict that com-
bination therapy causes a greater increase in APD (AAPD)
than does either drug in isolation. For instance, at 3 times
EFTPC, CQ + AZ individually produce AAPD of 43.2 and
43.2 ms, respectively, whereas AAPD is 86.5 ms for combi-
nation therapy (Figure 1d). Similarly (Figure 1e), AAPD for
lopinavir and ritonavir is larger (66.7 ms) than that produced
by either drug in isolation (41.4 and 27.0 ms, respectively).
Although the mechanistic simulations indicate the possi-
bility for pharmacodynamic interactions during combination
therapy, drug concentrations in patients may not reach the
levels assumed in the simulations. To more accurately in-
corporate clinical drug concentrations, we implemented
models based on quantitative PK studies on these drugs.®'?
Simulations with a model developed for LP + RT therapy, '°
shown in Figure 2a, predict higher LP concentrations with
combination therapy (400 mg/100 mg twice daily) than with
LP therapy alone (400 mg twice daily). This occurs due to PK
interactions whereby RT inhibits LP clearance. Simulations
were next performed in a virtual population to predict how
drug plasma concentrations vary between individuals.
These results suggest that, between extreme individuals in
a population, peak concentrations of either drug may dif-
fer by > 10-fold. To link the PK model predictions with the
mechanistic simulations, we calculated the mean peak con-
centration of the 5% of the patients with the highest drug
concentrations (highlighted in red in Figure 2), and then
used those values as inputs to the cellular QSP model.
Figure 2d,e show predicted concentrations under stan-
dard dosing regimens of CQ (500 mg b.i.d. for 7 days) and
AZ (daily dosing, 500 mg), respectively. Because most prior
studies do not suggest PK interactions between these two
drugs, plasma concentrations during combination therapy
can be predicted from simulations of each drug in isola-
tion. AZ concentrations for QSP model simulations were
predicted based on peak concentrations in the top 5% of
individuals, as with LP and RT. Predictions of the cardiac
effects of CQ, however, are complicated by two factors: (i)
uncertainty about the fractions of bound vs. unbound drug,
and (i) evidence that the drug accumulates in target tissues,
including the heart.®?° To translate plasma PK results to
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Figure 1 Concentration-dependent effects of coronavirus disease 2019 (COVID-19) drugs on ventricular action potentials. (a) Heatmap
illustrating the extent to which azithromycin (AZ){ chloroquine (CQ), ritonavir (RT), and lopinavir (LP) inhibit 7 important cardiac ionic
currents, as previously measured by Crumb et al. 8 These authors reported effective free therapeutic plasma concentration (EFTPC) of
each drug, in addition to half maximal inhibitory concentration (IC;) values that indicated how much each drug influenced 7 cardiac
ionic currents (see Methods for abbreviations). Block of currents by particular drugs at 10"EFTPC was calculated based on drug
concentration and IC, values using a simple pore block model. (b) Simulations with the baseline myocyte model demonstrating how
each drug, at 10"EFTPC, is predicted to influence ventricular action potentials (APs). (c) Concentration-response curves illustrating how
the 4 drugs influence AP duration (APD), the duration between the action potential upstroke (maximal rate of change of voltage) and
90% repolarization. Drug concentrations tested ranged from 0.3 times to 10 times EFTPC, with logarithmically spaced increments. (d)
Predicted AP prolongation (AAPD) for CQ + AZ. (e) Predicted AAPD for LP + RT. Combination therapy causes greater AP prolongation
than drugs applied individually, as shown in both heatmaps illustrating AAPD over a range of drug concentrations, and in example AP

traces showing effects at 3*EFTPC.

drug concentrations for myocyte simulations, we examined
results from a recent study with a physiologically-based PK
model for CQ that incorporated drug accumulation in dif-
ferent tissues.® This study predicted that, on average, CQ
concentrations in the heart were at least 25 times higher
than concentrations in plasma (minimum of 10,000 ng/mL
in the heart vs. roughly 400 ng/mL in plasma, depending on
dosing regimen). Based on this study, we therefore used a
free cardiac concentration of 3,900 ng/mL for QSP simula-
tions (10,000 ng/mL multiplied by the unbound fraction of
39%). Because our population PK CQ plasma concentra-
tions reach 771 ng/mL in select individuals, this represents
a somewhat conservative estimate of drug accumulation in
the heart.

Next, we sought to predict how sex differences and pre-ex-
isting cardiac disease may influence the AP prolongation

caused by COVID-19 therapies. We used established meth-
ods to simulate differences in myocytes between men
and women,? and between healthy and failing hearts.3
Following these previous studies,?*?® we scaled ionic cur-
rent maximal conductances based on measured differences
in ion transport pathways among groups (Figure 3a). We
refer to the four groups as healthy male, HF male, healthy
female, and HF female. The parameter modifications illus-
trated in Figure 3a altered myocyte AP waveforms in both
the absence and presence of drugs. For instance, Figure 3b
shows baseline model APs in the four groups without (black
dashed lines) and with (colored lines) estimated clinical con-
centrations of CQ + AZ. AP prolongation (AAPD) was quite
substantial with this drug regimen and was greatest in the
simulated HF female cell (AAPD = 249 ms in HF female
vs. 166 ms in healthy male). For clinical concentrations of
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Figure 2 Simulated population pharmacokinetics of coronavirus disease 2019 (COVID-19) drugs. (a) Simulations show that plasma
concentrations of lopinavir (LP) are greater with co-administration of ritonavir (RT) than when the former drug is given alone. (b)
Predicted free plasma concentrations of LP under standard dosing regimen with RT. (c) Predicted free plasma concentrations of RT
under standard dosing regimen with LP. (d) Predicted free plasma concentrations of chloroquine under standard dosing regimen.
(e) Predicted free plasma concentrations of azithromycin under standard dosing regimen. In b-e, the thick line indicates the median
individual within a virtual population of 1,000 (gray shaded area), the red dashed line indicates mean peak concentration of the 5%
of the patients with highest drug concentrations, and additional dashed lines indicate IC, values for cardiac ion channel inhibition.

LP + RT, predicted AP prolongation was modest (< 10 ms) in
all four cell types (Figure 3c).

Finally, we generated four virtual populations to simu-
late physiological variability among individuals. With this
approach, random variation in parameter values caused het-
erogeneity in AP waveforms in the four groups (Figure 4a).
Distributions of AAPD across each population show that
AP prolongation is greatest in the HF female group, for
both CQ + AZ and LP + RT and therapy (Figure 4b). For
LP + RT therapy, median AP prolongation is below 10 ms
in all groups, but can reach as high as 15 ms for individual
cells in the HF female population. CQ + AZ therapy, which
produced greater AP prolongation in general, could also
cause arrhythmic dynamics in select myocytes. The num-
ber of cells exhibiting arrhythmic dynamics was greater in
the HF female group (85 of 1,000 cells) compared with any
other group (1 cell in healthy male, 16 cells in HF male, and
19 cells in healthy female groups).

To determine the factors that control susceptibility of
individual myocytes to drug-induced arrhythmias, we
performed logistic regression analysis on the HF female
population. This analysis®’?® quantifies each parameter’s
importance in determining whether arrhythmias occur, and
Figure 4c shows the 14 most predictive parameters (from
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a total of 17 analyzed). The top two parameters identified
through this approach, rapid delayed rectifier K* current
and L-type Ca®** current, were expected based on prior
research.'®'® The third most important parameter, how-
ever, Na*-Ca®* exchanger (Gycy), Was a surprising result.
To examine this more closely, we identified two cells from
the HF female population (cells 935 and 395) that had sim-
ilar levels of rapid delayed rectifier K* current and L-type
Ca?* current, but different levels of Gycx (bar graphs in
Figure 4d). Specifically, Gy, was larger than normal in
cell 935 but smaller than normal in cell 395. Simulated ap-
plication of CQ + AZ caused arrhythmic dynamics in cell
935, but not in cell 395 (Figure 4d), confirming the predic-
tion that high levels of NCX may predispose individuals to
these arrhythmias.

DISCUSSION

The simulation results presented here indicate that pro-
posed treatments for COVID-19 do indeed carry cardiac
risk, and special caution should be exercised when de-
veloping combination therapies. With standard dosing
regimens, the simulations suggest that AP prolongation is
primarily driven by either LP or CQ in the two combination
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Figure 3 Sex differences and cardiac disease influence cardiac effects of coronavirus disease 2019 (COVID-19) drugs. (a) With the
baseline model defined as the healthy male myocyte, bars illustrate alterations to model parameters that were implemented to simulate
myocytes from healthy female, diseased male, and diseased female hearts. Y-axis represents natural logarithm of the fold change in
each parameter such that increases are positive and decreases are negative (i.e., an increase in a parameter by a factor of e (2.718)
would be represented as + 1). (b) Effects of clinical concentrations of lopinavir plus ritonavir in the four groups where black dashed
lines are action potentials (Aps) with no drug, and solid colored lines show effects of drugs. (c) Effects of clinical concentrations of
chloroquine plus azithromycin in the four groups. In both cases, simulated action potential prolongation was greatest in the baseline

female heart failure (HF) myocyte.

therapy regimens examined, with CQ causing the most
pronounced effects. This result is consistent with a re-
cent small clinical trial in Brazil, which was terminated
due to increased mortality in the high-dose CQ arm of the
study.® An improved safety profile may be a reason for cli-
nicians to favor the CQ derivative hydroxychloroquine for
COVID-19,%% but this drug is also associated with cardiac
adverse events.®

Our results are also consistent with a handful of recent
studies that have used a variety of quantitative approaches
to assess the cardiac risks from COVID-19 therapies. These
have ranged from a simple clinical decision tree®' to an
empirical algorithm that incorporates factors, such as drug
metabolism and pharmacovigilance data,32 to simulations
with mechanistic QSP models similar to those used here.®* A
common theme of both these studies and the present work is
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Figure 4 Virtual population simulations and arrhythmia susceptibility in female heart failure group. (a) Virtual population simulations
of the four groups, as indicated. Each panel shows 20 action potentials (APs) from the population of 1,000. (b) Distributions
of drug-induced action potential prolongation (AAPD) by different drug combinations, in the four populations, as indicated. With
chloroquine + azithromycin treatment, arrhythmic dynamics were observed in 1 cell (healthy male), 16 cells (HF male), 19 cells (healthy
female), and 85 cells (HF female) from each 1,000 cell population. (c) Parameter sensitivity values obtained from logistic regression
analysis of the HF female population Parameters are rank ordered from greatest to least effect on arrhythmic dynamics, and are color-
coded based on whetheranincrease in a parameter will increase or decrease the arrhythmia probability. (d) Simulation results comparing
two cells from the HF female population to indicate the importance of Na*-Ca?* exchange (NCX) in determining arrhythmia susceptibility.
Results show action potentials before (dashed black line) and after (colored lines) application of chloroquine + azithromycin. The two
cells had comparable levels of Gy, and G, , but different levels of Gy, as indicated by the bar graphs. Drugs caused arrhythmic
dynamics in cell 935, with higher than normal Gy, but not in Cell 395, with lower than normal Gy -

that the risks posed by COVID-19 therapies are not constant
across the population but depend on factors, such as patient
demographics and pre-existing conditions. In particular, our
virtual population simulations suggest that women with HF
will be at greatest risk of arrhythmia during treatment with
these drugs. This increased vulnerability of women, combined
with the generally worse prognosis for men with COVID-19,%*
suggests that sex differences should be considered when
weighing risks against benefits. Our results, considered in
the context of other recent studies,®' % suggest factors that
can be incorporated in future simulation studies of drug risks.

CPT: Pharmacometrics & Systems Pharmacology

These can include fever and inflammation, which are associ-
ated with COVID-19 and can influence the electrophysiology
of cardiac myocytes. Additional variables that should also be
considered in future work include the potential effects of drug
metabolites and the possibility that, during combination ther-
apy, two drugs may interact at the ion channel level in either
a synergistic or antagonistic manner.

Despite these limitations, the research presented illus-
trates how simulations of both drug disposition and drug
mechanisms can be combined to assess the risk of adverse
events within particular patient groups, which can help



to guide treatment decisions during this rapidly evolving
pandemic.
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