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A B S T R A C T

Chloroquine (CQ) and hydroxychloroquine (HCQ) were among the first drugs repurposed for the treatment of SARS-CoV-2 infection. A few in vitro studies confirmed
that both drugs exhibited dose dependent anti-SARS-CoV-2 activities. These observations and the encouraging results from early poorly conducted observational
studies created a major hype about the therapeutic potential of these drugs in the treatment of COVID-19 disease. This was further catalyzed by media and political
influences leading to a widespread use of these agents. Subsequent randomized trials revealed lack of efficacy of these agents in improving the outcomes of COVID-19
or in preventing infection in post-exposure prophylaxis studies. Nevertheless, many ongoing trials continue to actively recruit tens of thousands of patients to receive
HCQ worldwide. In this perspective, we address the possible mechanisms behind the lack of efficacy and the increased risk of cardiac toxicity of HCQ in COVID-19
disease. For the lack of efficacy, we discuss the fundamental differences of treatment initiation between in vitro and in vivo studies, the pitfalls of the pharmacological
calculations of effective blood drug concentrations and related dosing regimens, and the possible negative effect of HCQ on the antiviral type-I interferon response.
Although it has been repeatedly claimed that HCQ has a longstanding safety track record for many decades in use, we present counterarguments for this contention
due to disease-drug and drug-drug interactions. We discuss the molecular mechanisms and the cumulative epidemiological evidence of HCQ cardiac toxicity.

Introduction

Because of their long-standing known in vitro antiviral activity,
antimalarials chloroquine (CQ) and hydroxychloroquine (HCQ) were
among the first medications that were repurposed for the treatment of
COVID-19 disease. Indeed, in vitro anti-SARS-CoV-2 effects of CQ/HCQ
have been demonstrated in a few studies [1–3]. Hashem et al [4] re-
cently reviewed the possible molecular sites of action of CQ /HCQ as
SARS-CoV-2 antiviral agents. HCQ can inhibit cellular entry of SARS-
CoV-2 by interfering with the glycosylation of its cellular angiotensin
converting enzyme 2 (ACE2) receptor. HCQ can also affect the early
stages of viral replication by inhibiting virus-endosome fusion, likely
via increasing endosomal pH [4].

Furthermore, early clinical studies in COVID-19 patients, although
with methodological flaws, reported less severe pneumonia, shorter
disease course and faster viral clearance in response to CQ therapy [5]
and reduced nasopharyngeal viral carrier sate with HCQ and azi-
thromycin treatment [6]. These limited data along with media and
political influences led to a wide adoption of CQ/HCQ as a therapeutic
option for COVID-19. Countries filled their national stockpiles with
HCQ and included it in their treatment guidelines while the drug was
being studied in clinical trials. In USA, for example, there was a major
increase in CQ/HCQ prescriptions of approximately 2000% [7].

Nevertheless, early hopes started to dissipate in June when the US Food
and Drug Administration revoked permission for the drug to be dis-
tributed to treat COVID-19 after preliminary negative findings from the
RECOVERY trial, leaving the US federal government stuck with 63
million doses of hydroxychloroquine [8].

Although large randomized controlled trials (RCTs) were started
worldwide, a few were either stopped early for futility or showed no
benefits [9–11]. Moreover, two recent RCTs for post-exposure pro-
phylaxis did not find any significant decrease in risk of COVID-19
[12,13]. Conflicting data from cohort studies and RCTs [9–11] about
the efficacy and safety of CQ/HCQ in COVID-19 started to emerge. Our
group conducted a systematic review and meta-analysis of reported
observational studies and RCTs that included 22 studies with 21,615
COVID-19 patients. We observed, with moderate certainty evidence,
that HCQ, with or without AZ, lacks efficacy in reducing short-term
mortality in patients hospitalized with COVID-19 or risk of hospitali-
zation in outpatients with COVID-19 [14]. Moreover, we reported in
another recent meta-analysis that CQ/HCQ therapy in COVID-19 pa-
tients was associated with a significant increased risk of QT prolonga-
tion, drug discontinuation, arrhythmias, and other cardiac toxicities
[15].

Nevertheless, despite the cumulative evidence against the benefit of
HCQ in COVID-19 patients, there are at least 72 ongoing RCTs
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worldwide actively recruiting patients to receive HCQ vs. other control
groups as of July 28, 2020, with a total of 121,272 patients planned to
be enrolled in these trials (https://clinicaltrials.gov/). For example,
funded by the COVID-19 Bill & Melinda Gates Foundation, Wellcome
and Mastercard Therapeutics Accelerator grant, the COPCOV study is
ongoing and will enroll around 40,000 health care workers who have
close contact with COVID-19 patients to determine whether CQ or HCQ
are effective in preventing COVID-19.

In this perspective, we discuss the possible reasons and mechanisms
for the lack of efficacy and increased cardiac toxicity of HCQ in the
context of COVID-19 disease.

Efficacy shortcomings

The discordant findings of the in vitro anti-SARS-CoV-2 effects of
CQ/HCQ and their clinical inefficacy are concordant with previous
observations from several other viral infections’ studies. Three main
reasons could explain this discrepancy.

Timing of initiation of HCQ

Most of the in vitro studies employed pre-treatment protocols where
cells are treated with the drug of choice before inoculation with the
tested virus. In vitro studies that compared pre and post-infection CQ/
HCQ treatment have demonstrated less effective antiviral activities in
the post-infection experiments [3,16–18]. Yao et al tested the antiviral
effects of CQ and HCQ against SARS-CoV-2 virus in Vero E6 cells. They
noticed a superior antiviral effect when the cells were pre-treated with
CQ or HCQ two hours before infection in comparison to adding the
drugs two hours after the infection. In another recent study, HCQ at
concentrations of 1–2 mg/ml did not have a significant anti-SARS-CoV-
2 activity when added one hour after inoculation of Vero E6 cells with
SARS-CoV-2 virus [16]. Similarly, Vincent et al examined the effect of
CQ against SARS-CoV using different drug concentrations in a pre and
post-infection experiments. CQ at 0.1, 1.0 and 10 μM, added 20–24 h
before the infection, decreased infectivity by 28%, 53% and 100%.
However, when CQ was added 3–5 h after infecting the cells, higher
concentrations of CQ of up to 50 μMwere needed to decrease infectivity
[17]. Similar observations were reported with MERS-CoV virus where
CQ effectively inhibited virus production if added prior to infection of
Vero E6 cells but failed to reduce virus production if added one-hour
post-infection [18]. These observations indicate that the main me-
chanism of action of CQ/HCQ is at the early stages of viral infection,
namely, at the adherence and entry stages to the host cells. Therefore,
achieving viral control with CQ/HCQ might not be feasible since SARS-
CoV-2 viral load peaks early with symptom onset [19,20].

Subtherapeutic clinical dosing regimens and narrow therapeutic index

The translation of in vitro antiviral activity to appropriate clinical
dosing regimens is very complex. The in vitro half-maximal effective
antiviral concentrations (EC50) values of CQ/HCQ reported in the lit-
erature were based on extracellular drug concentrations present in cell
culture media. CQ/HCQ have a large volume of distribution and long
plasma elimination times and have been shown to achieve very high
lung tissue concentrations reaching over 600 times that of plasma [21]
and this has served as the rationale to support CQ/HCQ as an experi-
mental regimen against SARS-CoV-2.

The reported in vitro EC50 for CQ and HCQ varied widely and, in the
case of SARS-CoV-2, the EC50 for QC and HCQ ranged between 1.13 and
7.36 μM, and 0.72 and 17.31 μM, respectively [4]. The lowest EC50 of
0.72 μM for HCQ reported by Yao et al in their post-infection experi-
ments, was much lower than the lowest EC50 of 5.85 μM in their pre-
treatment experiments [3] and from that reported by all other in-
vestigators [4]. The lowest EC50 from Yao et al. experiments was used
to estimate the predicted minimum blood concentration of HCQ needed

for effective antiviral effect against SARS-CoV-2 virus. Based on their
physiologically based pharmacokinetic models and simulation results,
they recommended a loading dose of 400 mg twice daily of oral HCQ,
followed by a maintenance dose of 200 mg given twice daily for 4 days
for SARS-CoV-2 infection. This study received wide attention and
hundreds of citations within two months. However, the HCQ dosing
regimens recommended by Yao et al. were based on the ratios of free
lung trough concentration to the in vitro EC50 values. Although HCQ
has very high tissue to plasma ratio, this high tissue concentration is
due to sequestered drug inside acidic cellular organelles. CQ/HCQ are
known to accumulate in endosomes, Golgi apparatus and lysosomes
(Reviewed by [21]). In fact, it has been calculated that the lysosomal
HCQ concentration can reach 80 μM while extracellular concentrations
were around 0.5 μM [22]. Thus, these EC50 values should have been
compared with in vivo free drug concentration in the plasma rather
than in lung tissue.

Based on this rationale, Fan et al. re-calculated the ratios of free
lung extracellular trough concentrations, which were assumed to be
similar to the free plasma concentrations, to the in vitro EC50 value.
They observed that the calculated free lung concentrations that would
result from proposed dosing regimens by Yao et al. are well below the in
vitro EC50/ EC90 values; suggesting that current dosing regimens lack
the antiviral effect against SARS-CoV-2 and making it unlikely to
achieve antiviral activity with a safe oral dosing regimen [23]. Garcia-
Cremades et al. also made calculation for the predicted plasma antiviral
EC50 of HCQ and found it to be 4.7 μM (1.58 mg/ml), which is much
higher than the original estimates of Yao et al. [24]. They predicted that
HCQ of> 400 mg twice a day for 5 days or more are necessary to
achieve this plasma concentration. This higher dose regiment could
significantly increase the risk of QT prolongation [24].

Despite the above dosing considerations, a review of all ongoing
actively recruiting RCTs registered on clinicaltrials.gov as of July 28,
2020, revealed only a single RCT using HCQ 800 mg loading dose on
day 1 and followed by 400 mg twice daily for 6 days. The majority of
other treatment RCTs used the dose suggested by Yao et al [3] or even
lower doses. The few prevention RCTs used lower doses.

It has been observed in mice models that high dose of 90 mg/kg of
CQ given twice a day was required to achieve a steady-state blood level
of 2.5 mg/ml [25]. Adopting high dose CQ/HCQ regimens in humans
would increase the risk of adverse events significantly, as was experi-
enced in a recent RCT of high dose QC in COVID-19 patients, that was
stopped early for harm [26]. Additionally, the optimal CQ or HCQ
blood levels for effective antiviral action is at large unknown, and the
human studies correlating CQ/HCQ blood levels and clinical response
in viral illnesses and other diseases are limited. For example, Sperber
et al reported a wide range of HCQ blood concentrations of
0.27–1.0 mg/ml in 40 HIV-1 patients treated with HCQ 800 mg/day for
8 weeks [27]. They noticed favourable outcomes only in those patients
who achieved the highest HCQ blood concentrations [27]. Similar
trends between HCQ levels and clinical response were noted in patients
with systemic lupus erythematosus (SLE) and rheumatoid arthritis
[28,29].

A recent study by Balevic et al. evaluated serum and plasma HCQ
concentration from published studies and serum samples of pediatric
SLE patients treated with HCQ, as well as simulated concentrations
based on published pharmacokinetics [30]. They found that in all in-
cluded studies, the average serum/plasma HCQ concentration were
below the lowest antiviral target levels for SARS-CoV-2 of 0.48 mg/ml
that were observed by Yao et al [30]. Two other small studies examined
the pharmacokinetics of HCQ in COVID-19 patients [6,31]. Gautret
et al. measured HCQ blood levels in 20 COVID-19 patients treated with
HCQ 600 mg/day and found that the mean HCQ blood concentration
was 0.46 mg/ml [6]. These levels were below the lowest estimated
levels of 0.48 mg/ml based on the lowest effective in vitro concentra-
tion of 0.72 μM. In another study, Perinel et al determined HCQ blood
levels in 13 COVID-19 patients admitted to intensive care unit and
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treated with HCQ 600 mg/day. They observed that only 61% of them
achieved what they considered the minimum therapeutic concentration
of 1 mg/ml with the mean time to reach this concentration of 2.7 days
[31]. These studies indicate that even using the lowest in vitro HCQ
inhibitory concentration, achieving minimum clinical therapeutic con-
centration of HCQ seems not possible.

HCQ negative effect on type I interferon response

Type I interferon response plays a critical role in early suppression
of viral replication. Channappanavar et al. [32] used a SARS-CoV-1
animal model to describe how rapid and robust virus replication with
delayed IFN-I can lead to lung immunopathology, with fatal outcomes.
Recently, investigators reported on an integrated immune analysis on a
cohort of 50 COVID-19 patients with various disease severity [33].
They observed a unique phenotype in severe and critical patients,
consisting of a highly impaired type I interferon response, associated
with a persistent blood viral load and an exacerbated inflammatory
response. It is well established that antimalarials have solid anti-in-
flammatory and immunomodulatory effects. Among these long-term
effects are their ability to decrease the production of pro-inflammatory
cytokines like tumor necrosis factor-alpha (TNF-a), interleukin-1 beta
(IL-1b) and interleukin-6 (IL-6), and improve endothelial function and
reduce prothrombotic state [34,35]. These effects could potentially be
beneficial in patients with severe COVID-19 disease associated cytokine
storm. However, HCQ has been shown to reduce the affinity of toll-like
receptor 7 and 9 (TLR7 and TLR9) to viral RNA and to inhibit cyclic
GMP-AMP synthase (cGAS) pathway and thereby inhibit type I inter-
feron response [34]. This blunting effect on type I interferon response
might counteract the direct antiviral effects of HCQ, which provides
another reason for the lack of efficacy of HCQ in controlling SARS-CoV-
2 infection.

Significant cardiac toxicity concerns

Although it has been repeatedly claimed that HCQ has a long-
standing safety track record for many decades in use, this contention is
not applicable in COVID-19 patients due to disease-drug interactions
and drug-drug interactions. Moreover, several studies have reported an
increased risk of cardiac toxicity among COVID-19 patients treated with
CQ/HCQ. We have shown in a recent meta-analysis that CQ/HCQ
treatment in COVID-19 increased the risk of QTc prolongation and
discontinuation of drug due to QT prolongation. In addition, the risk of
torsades de pointes ventricular tachycardia (TdP), or monomorphic VT,
or cardiac arrest was 3 per 1000 (95% CI 0·0-21) [15]. Although, in
absolute terms, the incidence of TdP was low, it was higher than the
reported incidence for some drugs that were withdrawn from the
market such as cisapride. We have also found an increased risk of other
arrhythmias and other cardiac complications [15].

The principal mechanism responsible for QT prolongation produced
by CQ and HCQ is due to blocking of the KCNH2-encoded hERG/Kv11.1
potassium channel, which is responsible for the rapidly-activating po-
tassium current (IKr). This rapidly-activating current along with the
slowly-activating current (IKs) are responsible for pumping potassium
ions outside cardiomyocytes. This outward potassium current after the
plateau phase (phase 2) of the action potential results in rapid re-
polarization phase of the action potential (phase 3) [36]. Genetic mu-
tations in the genes encoding these potassium channels as well as drug-
blockage of hERG/Kv11.1 potassium channels result in prolongation of
the cardiac action potential that manifests as prolonged QT interval on
the surface electrocardiogram [36]. The intracellular face of the hERG
channel is large and is lined with a number of aromatic residues al-
lowing drugs like CQ and HCQ and others to bind this part of the
channel and block the outward potassium current [36,37]. In a recent
study using ex-vivo guinea pig and rabbit heart models, it was shown
that HCQ resulted in the generation of repolarization alternans and

precipitated polymorphic ventricular tachycardia [38].
It is also important to take in consideration that the prevalence of

congenital long QT syndrome (LQTS) is approximately1 in 2000 people
worldwide. Importantly, many individuals with LQTS have normal
baseline QTc values, but their risk of drug-induced QT prolongation and
lethal arrhythmias is increased substantially. Furthermore, 8% of in-
dividuals of African descent (p.Ser1103Tyr-SCN5A) and 2% of in-
dividuals of European descent (p.Asp85Asn-KCNE1) possess potentially
pro-arrhythmic common variants associated with an increased risk of
drug-induced long QT and sudden cardiac death [39]. Although the
percentage of people with an inherent genetic risk is small (roughly
10%), the fact that SARS-CoV-2 infection has been spreading widely
across the globe affecting millions of people, the total number of in-
dividuals at risk for drug-induced QT prolongation and TdP associated
with indiscriminate use of CQ and HCQ may be unacceptably high [40].

It is important to note that patients with underlying cardiac diseases
and comorbidities as well as inflammatory states are at increased risk of
drug induced QTc prolongation [41]. Patients with severe COVID-19
disease usually have hypoxemia and may manifest hypotension and
electrolyte imbalance and may need ICU admission; all of which have
been shown to increase the risk of QTc prolongation in response to QT
prolonging drugs [41–45]. Moreover, COVID-19 patients manifest fever
and raised interleukin-6 levels, which have been linked to increased risk
of QT prolongation in response to drugs and inflammation [46,47].

HCQ use has also been associated with bradycardia. In a study of
mouse atria, spontaneous beating was significantly reduced by HCQ.
Similarly, these findings were confirmed in sinoatrial node cells from
pigs with a clear dose-dependent effect [48]. This is important for pa-
tients who might be taking HCQ and concomitant beta-blockers or
amiodarone. These combinations, especially in the setting of electrolyte
imbalances, will result in significant reduction of the automaticity of
the heart, and may lead to significant bradycardia. Finally, these drugs
have active metabolites and relatively long elimination half-lives,
especially in critically ill patients with multi-organ failure which might
increase their arrhythmogenic risk [49].

It is also important to mention that it has been a common practice to
use HCQ in combination with azithromycin for COVID-19 during the
current pandemic. Azithromycin has been identified as a potential
cause of significant serious cardiac arrhythmias through QT prolonga-
tion dependent and independent mechanisms and has been linked to
increased risk of sudden cardiac death [50,51]. Hence, the concomitant
use of CQ/HCQ and azithromycin or other QT prolonging agents could
potentially increase the risk of serious cardiac arrhythmias and death
particularly in critically ill patients or those with risk factors for QT
prolongation.

Increased risk of cardiac complications associated with the combi-
nation therapy of HCQ and azithromycin has also been reported in a
recent preprint of a large population study of 956,374 users of HCQ.
Among these patients, 323,122 were also treated with azithromycin.
This combination therapy was associated with increased risk of 30-day
cardiac mortality (CalHR 2.19, 95% CI 1.22–3.94), chest pain/angina
(CalHR 1.15, 95% CI 1.05–1.26), and heart failure (CalHR 1.22, 95% CI
1.02–1.45) [52].

A recent study examined the prescription pattern of several drugs in
USA and observed an almost 2000% increase in prescriptions for CQ
and HCQ for fewer than 28 tablet fills for the week of March 15–21,
2020 in comparison with the same week in 2019. This surge remained
steady during the following weeks [7]. This remarkable surge in CQ/
HCQ use could lead to a substantial increase in preventable serious
cardiac adverse events and mortality.

Conclusion

Treatment of SARS-CoV-2 infection with HCQ was not met with the
expected success. This is probably related to its mechanism of action
and the inability of the current dosing regimens to achieve the required
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blood concentration necessary for effective antiviral activity. Moreover,
HCQ monotherapy or in combination with azithromycin increased the
risk of cardiac adverse events including QT prolongation, arrhythmias
and other cardiac complications. It is time to move on and examine
other potential therapeutics in our battle against the COVID-19 pan-
demic.
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