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ABSTRACT: The coronavirus disease-2019 (COVID-19) pandemic, caused by
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has infected
more than 116 million individuals globally and resulted in over 2.5 million
deaths since the first report in December 2019. For most of this time, healthcare
professionals have had few tools at their disposal. In December 2020, several
vaccines that were shown to be highly effective have been granted emergency use
authorization (EUA). Despite these remarkable breakthroughs, challenges
include vaccine roll-out and implementation, in addition to deeply entrenched
antivaccination viewpoints. While vaccines will prevent disease occurrence,
infected individuals still need treatment options, and repurposing drugs
circumvents the lengthy and costly process of drug development. SARS-CoV-
2, like many other enveloped viruses, require the action of host proteases for
entry. In addition, this novel virus employs a unique method of cell exit of
deacidified lysosomes and exocytosis. Thus, inhibitors of lysosomes or other
players in this pathway are good candidates to target SARS-CoV-2. Chemical compounds in the quinoline class are known to be
lysomotropic and perturb pH levels. A large number of quinolines are FDA-approved for treatment of inflammatory diseases and
antimalarials. Artemisinins are another class of drugs that have been demonstrated to be safe for use in humans and are widely
utilized as antimalarials. In this Review, we discuss the use of antimalarial drugs in the class of quinolines and artemisinins, which
have been shown to be effective against SARS-CoV-2 in vitro and in vivo, and provide a rationale in employing quinolines as
treatment of SARS-CoV-2 in clinical settings.
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In December 2019, Wuhan, China reported an unusual terized by increased levels of IL-6, serum ferritin, and C-
pneumonia of unknown origin." Clinical features of this reactive protein (CRP), increased leucocytes and neutrophils,
pneumonia resembled that of severe acute respiratory virus decreased lymphocytes, platelets, and hemoglobin and
(SARS).” Transmission electron microscopy of the virus concomitant increased bilirubin, increased D-dimer which is
isolated from patients revealed classical features of coronavi- a signature of resolved blood clots, and increased alanine
ruses, and the viral genome isolated from patients clustered aminotransferase, aspartate aminotransferase, and myoglobin,
into a clade of betacoronaviruses distinct from SARS-CoV."? indicative of muscle, heart, liver, and kidney damage.12’13 Even
Thus, this disease, named coronavirus disease-19 (COVID-19) in patients whose SARS-CoV-2 infection has resolved, sequelae
was caused by a novel coronavirus (2019-nCoV), which was affecting the cardiac, pulmonary, and neurologic systems
later renamed severe acute respiratory syndrome coronavirus 2 months after recovery are now being documented,'’ and

(SARS-CoV-2). On March 11 2020, COVID-19 was declared
a global pandemic by the World Health Organization
(WHO)."* The virus spreads primarily through droplets, direct
contact, and likely through aerosolization.”” Symptoms of
SARS-CoV-2 range from mild to severe and likely depend on
patient characteristics such as genetics, immune response, and
other disease complications. COVID-19 patients may experi-
ence dry cough, loss of taste and smell, gastrointestinal
symptoms, fatigue, fever, shortness of breath, pneumonia, lung
disease characterized by ground-glass opacity upon CT scan,
myocardial injury, kidney dysfunction, and death."”'°~"* Severe
disease progression is associated with inflammation charac-

further monitoring post recovery will be warranted to measure
the magnitude of this disease. In addition, reinfection of
previously infected patients suggests that the mounted immune
response to infection may confer incomplete protection.14

Received: December 22, 2020
Published: March 22, 2021

© 2021 American Chemical Society https://doi.org/10.1021/acsptsci.0c00222

W ACS PUbl icationS 613 ACS Pharmacol. Transl. Sci. 2021, 4, 613—623


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tessa+M.+Firestone"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Opeoluwa+O.+Oyewole"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="St+Patrick+Reid"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Caroline+L.+Ng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsptsci.0c00222&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.0c00222?ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.0c00222?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.0c00222?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.0c00222?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aptsfn/4/2?ref=pdf
https://pubs.acs.org/toc/aptsfn/4/2?ref=pdf
https://pubs.acs.org/toc/aptsfn/4/2?ref=pdf
https://pubs.acs.org/toc/aptsfn/4/2?ref=pdf
pubs.acs.org/ptsci?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsptsci.0c00222?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/ptsci?ref=pdf
https://pubs.acs.org/ptsci?ref=pdf
https://pubs.acs.org/page/vi/chemistry_coronavirus_research
https://pubs.acs.org/page/vi/chemistry_coronavirus_research

ACS Pharmacology & Translational Science

pubs.acs.org/ptsci

EVE

Current CDC standard of care guidelines for infected
patients is limited to infection control, supportive care, and
ventilatory support.'> Multiple companies are racing toward
producing a safe and effective vaccine. Of these, safety and
efficacy data from clinical trials with the ChAdOx1 nCoV-19
vaccine (AZD1222)' and BNT162b2 vaccine'” have been
published. These vaccines have been granted emergency use
authorization (EUA), and vaccinations are currently being
delivered to people around the world. Concurrently, other
vaccine manufacturers including Johnson & Johnson and
Novavax are completing clinical trials on their vaccine
candidates. While scale-up of manufacturing and roll out and
implementation of vaccine strategy have been remarkable,
entrenched antivaccination viewpoints and equitable global
vaccine access are some of the challenges facing a global mass
vaccination strategy. These challenges and the fact that the
ongoing pandemic demands a variety of methods to curb
infections and deaths provide reason for consideration of
antiviral drugs in responding to the pandemic.

It takes an average of 14 years and about $2.6 billion to
develop a drug from bench to clinical use."® Repurposing of
FDA-approved drugs allows for use of previously validated
drugs for which safety and efficacy profiles are known for
ailments beyond the originally approved indication, and it has
gained attraction as an inexpensive alternative to drug
discovery. The antimalarials chloroquine (CQ) and artemisinin
(ART) have been on the market for the last 80 years. CQ_is a
synthetic derivative of quinine, a compound isolated from the
bark of a cinchona tree. Structurally, CQ contains a quinine
ring and an amino side chain at the fourth position (Figure 1).
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Figure 1. Chemical structures of quinolines. (A) Chloroquine, (B)
hydroxychloroquine, (C) monodesethylchloroquine, (D) amodia-
quine, (E) monodesethylamodiaquine, (F) ferroquine, (G) me-
floquine, and (H) pyronaridine.

CQ has been used as a treatment for malaria since the early
1940s."” During World War II, it was observed that CQ use in
the military was also effective for rheumatoid diseases, inspiring
clinical trials using aminoquinolines for diseases like systemic
lupus erythematosus (SLE)*°~** and rheumatoid arthritis
(RA)* and is now FDA-approved for treatment of these
inflammatory diseases. Quinolines continue to be studied as
treatments for various diseases including cancer and
viruses.”* *° Currently, artemisinin-based combination thera-
pies (ACT) are recommended by the WHO as first-line
therapies for uncomplicated malaria.”” An extract from the
sweet wormwood plant Artemisia annua, artemisinin is a
sesquiterpene lactone that contains an endoperoxide moiety
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crucial to its antimalarial activity”® (Figure 2). The activity of
artemisinin and its derivatives against other diseases such as

o)

Figure 2. Chemical structures of artemisinin and its derivatives. (A)
Artemisinin, (B) dihydroartemisinin, (C) artesunate, and (D)
arteannuin B.

cancer”” and viruses’’ have been documented. Antimalarials
are effective antivirals, hindering viral entry, replication, and
release, as well as blocking inflammatory response elicited
during viral infections. Over the last 20 years, antimalarials
have been repurposed as antivirals, anticancer agents, and
treatments for autoimmune disease. Our Review will highlight
the ability of antimalarials to interfere with SARS-CoV-2 and the
use of antimalarials as treatment options for the COVID-19
pandemic.

Bl SARS-COV-2 BIOLOGY

SARS-CoV-2 is a positive-sense, single-stranded RNA
betacoronavirus in the Coronaviridae family." The virus
genome contains up to 16 open reading frames (ORFs),
including the N-terminal ORFs la and 1b and the C-terminal
ORFs which are expressed from subgenomic RNAs (sgRNAs).
The viral replicase-transcriptase complex (RTC) is composed
of 16 nonstructural proteins (nsPs) which are expressed from
the ORFlab genome transcript, while structural proteins,
including spike (S) protein, envelope (E) protein, membrane
(M) protein, and nucleoprotein (N), are expressed from
sgRNA. Accessory proteins are also expressed from alternate
OREFs and have been observed to be dispensable in cell culture
infection conditions.”’ The S protein, expressed on the surface
of the enveloped virion, binds angiotensin converting enzyme 2
(ACE2), leading to receptor-mediated endocytosis.””>* ACE2
is present, albeit at low levels, on a wide variety of cells such as
lung epithelial, alveolar, and intestinal cells.*>*® The wide
range of cells permissive to SARS-CoV-2 infection underlies
the broad range of symptoms and organs affected following
infection. Cellular proteases, such as transmembrane serine
protease 2 (TMPRSS2), cathepsin B, and cathepsin L, are
required for S protein priming prior to conformational changes
triggered by a low pH environment in the endosome.’”
Following internalization, coronavirus genome translation and
replication occur in the cytoplasm. The viral RTC is initially
translated as a polyprotein and processed by encoded proteases
for replication and transcription to occur. Perinuclear ER-
derived double membrane vesicles (DMVs) and double
membrane spherules (DMSs) are formed to serve as sites of
viral replication carried out by the RNA-dependent RNA
polymerase nsP12 and its cofactors.”” The viral genome,
coated with N proteins, buds into the ER and ER-Golgi-
intermediate compartment (ERGIC) to be enveloped with
host membranes and viral S, E, and M proteins.38 After
trafficking to the trans-Golgi network, virions are trafficked to
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Figure 3. Antimalarial compounds inhibit SARS-CoV-2. (1) SARS-CoV-2 spike (S) protein binds host receptor angiotensin converting enzyme 2
(ACE2), leading to (2) viral internalization via receptor-mediated endocytosis. (3) A low pH environment in the endolysosome compartment
triggers a conformational change that allows S protein, primed by host proteases transmembrane serine protease 2 (TMPRSS2) or cathepsin B, to
mediate membrane fusion, releasing the viral genome into the cytoplasm. (4) The open reading frame 1lab (ORF1ab) is immediately translated by
the host cell machinery, which encodes for the nonstructural proteins RNA-dependent RNA polymerase and cofactors that make up the replicase
transcriptase complex (RTC). (S) The viral genome is replicated via the RTC in a microenvironment made up of double membrane vesicles
(DMV) and double membrane spherules (DMS). (6) Subgenomic mRNA (sg mRNA) encodes for the structural proteins nucleocapsid (N),
membrane (M), envelope (E), and spike (S), which are cotranslationally inserted into the endoplasmic reticulum (ER). (7) The N-coated viral
genome buds into the endoplasmic reticulum (ER) and ER-Golgi-intermediate compartment (ERGIC) where it is enveloped with M, E, and S
proteins. (8) Mature virions are trafficked to deacidified lysosomes, and (9) virions are released through exocytosis. Antimalarials inhibit various
steps of the SARS-CoV-2 lifecycle, as shown in red.

deacidified late endosomes/lysosomes containing inactivated ments are important during viral infection for the release of
enzymes and bud through a noncanonical lysosomal trafficking viral genomes, production and processing of viral proteins, and
pathway.”” The SARS-CoV-2 lifecycle and points of anti- assembly and release of viral progeny. In particular, by raising
malarial interference are indicated in Figure 3. the PH of lysosomes’ quinolines Prevent virus entry by

inhibiting the pH-dependent fusion step, as well as deactivating
H QUINOLINES lysosomal proteases. CQ_and other quinolines discussed here

are depicted in Figure 1.

CQ_inhibits SARS-CoV-2 in vitro when added at the time of
entry** or prior to infection.” In addition to CQ, other
quinolines such as hydroxychloroquine (HCQ), ferroquine,

The U.S. FDA approves the use of the 4-aminoquinoline
chloroquine (CQ) for malaria”” as well as the autoimmune
diseases rheumatoid arthritis and systemic lupus erythemato-

sus,*" reflecting this drug’s antiparasitic and anti-inflammatory yar -
activities. As a weak base, CQ_diffuses by passive transport monodesethyl amodiaquine (mdAQ), mefloquine (MF), and

across membranes toward acidic compartments. There, CQ_is pyronariﬂine inhibi‘te.d SARS-CoV-2 with chsg f’al‘{es less than
protonated and consequently trapped, while the lysosomal 2.5 uM.™ Mechanistically, CQ and HCQ inhibit viral entry of

compartment is concomitantly deacidifed.”’ CQ and other SARS-CoV-2 by interfering with endosome maturation.”
quinolines prevent replication of malaria parasites by Specifically, about 35% of virions colocalized with the early
interfering with heme detoxification within the parasite endosome antigen 1 (EEA1) and less than 2.5% of virions
digestive vacuole.”” In mammalian cells, CQ_interferes with colocalized with the late endosomal-lysosomal protein LAMP1
the organization of the Golgi apparatus, endocytosis, and upon CQ_and HCQ treatment. In contrast, in untreated cells,
causes lysosomal fusion defects.”> These subcellular compart- the association with EEAI and LAMP1 was 16% and 35%,
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respectively.”® Furthermore, chloroquine disrupted terminal
glycosylation of ACE2 without affecting ACE2 cell surface
expression.”® Given the requirement of ACE2 binding for
SARS-CoV-2 infection,** modification of ACE2 could inhibit
virion attachment and subsequent viral entry. Following ACE2
binding, the virus utilizes host serine protease TMPRSS2 and
cysteine proteases cathepsins B and L to prime the S protein to
mediate entry.”> TMPRSS2 is primarily plasma membrane
associated, whereas the cathepsins are located intracellularly
and require a low pH for activity. Extracellular priming of the S
protein by TMPRSS2 likely allows the virus to bypass the
requirement for endosomal proteases. Whether the virus
employs multiple routes of entry or if the function of host
proteases can complement each other creating redundancy and
the resulting implication on cell type specificity is not
completely known. Single-cell RNA-sequencing data from
multiple tissues obtained from healthy human donors showed
that cathepsin B was expressed in 70—90% of ACE2-expressing
cells, while TMPRSS2 was not coexpressed in many of the
ACE2-expressing cells,”® indicating that cathepsin B may play a
major role in S glycoprotein processing post-ACE2 binding.
CQ, monodesthyl chloroquine (mdCQ), amodiaquine (AQ),
mdAQ, MF, and quinacrine inhibited cathepsin B in vitro."”*®
Altogether, quinolines likely inhibit SARS-CoV-2 entry by
affecting the terminal glycosylation of ACE2, inhibiting
cathepsin B, and preventing endosome maturation.

There is no consensus on whether CQ_ and HCQ_ affect
SARS-CoV-2 replication. CQ reduced SARS-CoV-2 viral RNA
production and N protein expression in Vero E6 cells."* In
contrast, 2 ug/mL of HCQ, which is the achieved plasma
concentration of an 800 mg once daily dose of HCQ_sulfate,
did not inhibit viral replication nor reduce cytopathic effect in
Vero E6 cells.”” In a Syrian hamster model that allows SARS-
CoV-2 replication to high titers in the lung leading to
bronchopneumonia and lung inflammation, HCQ mildly
reduced viral replication in the 1ur_1§s, but this did not lead
to any reduction in lung pathology.” HCQ_treatment did not
protect hamsters from contracting the virus from close contact
with another infected hamster and did not reduce resulting
viral titers.”

CQ also inhibits other coronaviruses. SARS-CoV, respon-
sible for the SARS outbreak in 2003, is inhibited by CQ
treatment prior to infection®® or at the time of infection.”’ CQ
also inhibits viral replication in Vero E6 cells post entry,
although higher concentrations are required.46 CQ, HCQ, MF,
and AQ inhibited SARS-CoV and Middle Eastern respiratory
syndrome coronavirus (MERS-CoV) with low micromolar
ECs, value.”” When added at the time of infection, but not
post infection, CQ reduced genome equivalents of HCoV-
OC43, a coronavirus strain which causes the common cold.>
Interestingly, this study showed that administration of CQ_to
pregnant mothers prepartum and postpartum prior to
inoculation of S-day-old suckling mice prevented infant
death, indicating that the prophylactic antiviral activities of
CQ were transferred both transplacentally and via maternal
milk.>*

Quinolines are also effective against other viruses that utilize
endocytic pathways for entry into the host cell. AQ, mdAQ,
CQ, and mdCQ_inhibited early entry events of ZIKV without
interfering with virion attachment™* or RNA synthesis.”> These
effects were recapitulated in vivo, as suckling mice infected with
ZIKV were more likely to survive if the pups were nursed by
CQ-treatment mothers.”> Of note, AQ inhibited viruses that
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require endosomal acidification such as EBOV, SARS-CoV,
Venezuelan equine encephalitis virus, Rabies virus, Junin virus,
and Chikungunya virus, but not those that enter in a pH-
independent manner such as poliovirus and human cytome-
galovirus. "%’

Betacoronaviruses including SARS-CoV-2 exit from cells by
a unique method of exocytosis from deacidified lysosomes,
which also alters antigen presentation and immune system
activation following infection.”” Lysosomotropic quinolines,
which also deacidify lysosomes, could promote viral exit and
spread and/or inhibit recognition by the host immune system.
Further studies are required to fully elucidate the mechanism
of host cell lysosome deacidification by betacoronaviruses, as
well as the effect of quinolines at the later stages of infection.

These studies show quinolines are most effective against
SARS-CoV-2 and other coronaviruses that enter host cells via a
pH-dependent mechanism when administered prior to or at
the time of infection. Thus, these therapeutics may best be
used as a prophylactic treatment.

Bl ARTEMISININS

Artemisinin is a sesquiterpene lactone derived from the sweet
wormwood plant Artemisia annua. The potency of artemisinin
against hemoglobin-digesting parasites is attributable to heme-
mediated cleavage of the endoperoxide bond leading to
reactive carbon-centered radicals and parasite death.’®
Artemisinin also demonstrates activity against viruses and
cancer cells, albeit at higher concentrations than when used as
an antiparasitic agent; this activity is attributed to the
compound’s pleiotropic effects on the cell. Artemisinin and
derivatives discussed here are depicted in Figure 2.
Artemisinin and seven derivatives were examined for their
activity against SARS-CoV-2 in Vero E6 cells by quantifying
viral RNA in the supernatant by qRT-PCR after 24 h of
treatment.”” Lumefantrine (LF), a partner drug with
artemether in artemisinin-based combination therapies
(ACT) for treatment of malaria, was also included. The
three most potent artemisinin derivatives against SARS-CoV-2
were arteannuin B (artB), artesunate (AS), and dihydroarte-
misinin (DHA) with ECy, values of 10—14 uM, while LF
demonstrated an ECj, of 23 uM.”” When added post entry but
not at the time of infection, artB and LF inhibited viral RNA
recovered in the supernatant, as well as viral N protein
production visualized by IFA and Western blot,”” indicating
that these compounds affected viral replication downstream of
early entry events. In a separate study, the antiviral effects of
five ACTs, namely, (1) MF-DHA, (2) mdAQ-DHA, (3)
pyronaridine-DHA, (4) LF-DHA, and (S) piperaquine-DHA
were investigated.”” ACTs were added to Vero E6 cells at
concentrations relative to maximum blood concentration
(Cpax) for 4 h prior to SARS-CoV-2 infection of Vero E6
cells, then viral RNA was assayed by qRT-PCR. The two best
combinations were MF-DHA and mdAQ-DHA, which
inhibited SARS-CoV-2 with 99.6% and 85.8% efliciency at 2
X Cppaw Which dropped to 72% and 32% inhibition at 1 X C,,,
respectively.”” The efficacy of these two combinations is likely
due to the effects of MF and mdAQ on viral entry, as described
earlier, due to the timing of treatment in this study. In a small
41-person study, ACTs were shown to be therapeutic in SARS-
CoV-2-positive patients.”’ The administration of artemisinin-
piperaquine (ART-PQP) reduced viral titers to undetectable
levels in all 23 patients by day 21, whereas patients that did not
receive ART-PQP treatment only cleared virus at day 3650 A

https://doi.org/10.1021/acsptsci.0c00222
ACS Pharmacol. Transl. Sci. 2021, 4, 613—623


pubs.acs.org/ptsci?ref=pdf
https://doi.org/10.1021/acsptsci.0c00222?rel=cite-as&ref=PDF&jav=VoR

ACS Pharmacology & Translational Science

EVE

pubs.acs.org/ptsci

major caveat of this study is that patients in each group also
received multiple other treatments, including interferon a-1b,
HCQ, ribavirin, oseltamivir, lopinavir, and other herbal
remedies.®’

B TREATMENT OF COVID-19 PATIENTS WITH
ANTIMALARIALS

The use of quinolines to treat COVID-19 patients is
controversial. Data obtained from hospitalized patients from
several clinical trials using CQ or HCQ_ have been released.
Because of the lack of treatment options and urgency of the
COVID-19 pandemic, many of the following reports are
observational results of treated patients rather than random-
ized clinical trials. A handful of reports, some of which
examined a large cohort of patients, show improvements in
mortality when treated with HCQ. Randomized clinical trials
show that HCQ does not improve mortality but could improve
lung pathology. Lastly, randomized clinical trials on non-
hospitalized participants that are SARS-CoV-2 PCR-negative
show no benefit as prophylaxis. It is worth examining the
differences in the way various studies are conducted to
understand the differences in outcomes.

Bl OBSERVATIONAL STUDIES SHOWING HCQ
BENEFIT

The first few studies that were published prioritized getting out
an important novel message, deprioritized study size, and did
not control for confounding factors. Published in March 2020,
data from Marseille, France, suggested that HCQ_ reduces
detection of virus.”> Of the 14 patients who received HCQ, 8
tested PCR-negative for SARS-CoV-2 on day 6 of treatment, in
contrast to 2 out of the 16 patients not receiving treatment. All
six of the patients who received a combination therapy of
HCQ and azithromycin (AZT) were PCR-negative from
nasopharyngeal samples.”> There are some major caveats to
the general findings, including a small sample size, non-
randomized study, and the patients in untreated arms were
cared for in a different hospital or refused treatment. For
further insight, the reader is referred to consideration of this
work in refs 63 and 64. In contrast to these results, analysis of
11 patients in a Parisian hospital given a HCQ and AZT
regimen, as reported in ref 62, showed that 5—6 days after
treatment, 8 of 10 patients remained positive for SARS-CoV-2
RNA (in this 11-person cohort, one patient died within 5 days
of treatment).®’

Three large studies showed that HCQ demonstrated a
benefit in patient mortality, and studies in which physicians
treated patients aggressively and early in disease onset showed
a more pronounced reduction in mortality.”*"*® Of note, in the
study conducted in Michigan, United States’® physicians
followed protocols that were standardized across the six
hospitals, giving these results more weight. Here, HCQ
treatment reduced in-hospital mortality of SARS-CoV-2
PCR-positive patients.”® Of the 2541 patients, 1202 were
treated with HCQ, 147 were treated with AZT, 783 were given
a combination therapy of HCQ_ and AZT, and 409 were not
treated with either drug. Drug treatment was given to 82%
patients within 24 h of admission and 91% within 48 h of
admission. Patients received aggressive early medical inter-
vention, and HCQ_was delivered in conjunction with serial
QTc checks. A QTc interval-based algorithm to ensure safe
administration, and medical care across the different hospitals
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were administered in a coordinated manner with standardized
procedures. In this setting, HCQ_treatment decreased the
mortality hazard ratio by 66% compared with untreated
patients, and the addition of AZT decreased the mortality
hazard ratio by 71%. Of note, 68% of patients also received
corticosteroid treatment of methylprednisone and/or predni-
sone, but corticosteroid treatment showed no association with
mortality.

The second large study showing that HCQ treatment
improved mortality is a retrospective analysis of hospitalized
SARS-CoV-2 PCR-positive patients in 33 clinical centers
throughout Italy conducted by the COVID-19 RISK and
Treatments (CORIST) Collaboration.” Of a total 3451
patient outcomes analyzed, 817 did not receive HCQ, while
the majority of the 2634 individuals who were treated with
HCQ for 5—1S5 days received the drug within 24 h and the rest
received it within 2—3 days. Patients receiving HCQ were
more likely to be young men with high CRP and less likely to
have heart disease, kidney disease, or cancer stage 3a or
greater. Patients who received HCQ_also received antivirals or
corticosteroids. With these caveats, there was a 9% death rate
in HCQ:-treated patients compared with 16% in non-HCQ-
treated patients. Adjusting for age, preexisting conditions,
additional treatments received, and different hospital settings,
patients receiving HCQ_showed a 30% reduced risk of death.
In Italy, HCQ treatment is recommended even for patients
with mild pneumonia, suggesting that HCQ treatment early in
the course of disease is crucial. The benefit of HCQ was
heightened in cases with high CRP, indicating that the anti-
inflammatory effect could be particularly beneficial.

Lastly, a study on 8075 patients from 109 Belgian hospitals,
most of whom were severely ill, showed that HCQ treatment
decreased mortality rates.”® In the study, 4542 patients were
treated with HCQ, 78% of which were dosed within 24 h,
while 3533 patients were not given HCQ_treatment. Those
given HCQ_treatment were more likely to be younger, male,
and have fewer comorbidities such as cardiovascular disease,
renal disease, cancer, obesity, and history of smoking, but they
tended to be more severely ill with COVID-19 as evidenced by
radiological pneumonia, acute respiratory distress syndrome
(ARDS), ICU transfer, and necessity of ventilatory support
within 24 h of hospital admittance. Adjusting for age, sex, and
preexisting conditions, the direct-adjusted mortality at 40 days
post-treatment was 19% when patients were given HCQ versus
26.5% when given supportive care.

B OBSERVATIONAL STUDIES SHOWING NO HCQ
BENEFIT

In contrast, other groups report no benefit of HCQ
administration on patient survival. Two large studies of
patients in New York City, United States, found no benefit
of HCQ on survival.®””® It is important to note that in the
New York hospitals, HCQ was recommended only for patients
with severe pneumonia and ARDS. The first study is an
analysis from one New York City hospital of 1376 patients who
tested positive for SARS-CoV-2.%” Of the 811 patients treated
with HCQ and who were more severely ill at baseline, 373
received treatment within 24 h of presentation to the
emergency department, while 697 were treated within 48 h.
There was no significant association between HCQ_treatment
and the end point of intubation or death. Of note, this study
adjusted for factors such as predictors of respiratory failure,
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probability of receiving HCQ_treatment, and handling of
missing data.’’

The second study randomly selected 1438 patients out of a
sample of 7914 patients with COVID-19 admitted to 25
metropolitan New York hospitals.”’ Patients receiving HCQ_or
a combination of HCQ and AZT presented with more severe
clinical illness as determined by chest imaging, respiratory rate,
oxygen saturation, and hepatic measurements of alanine
aminotransferase and aspartate aminotransferase levels, in
addition to being more likely to have chronic lung disease and
cardiovascular conditions. Medication was administered at any
time during hospitalization. Adjusted for demographics,
specific hospital, preexisting conditions, and illness severity,
treatment with HCQ, AZT, or a combination of HCQ_ and
AZT did not improve survival outcomes when compared with
patients that did not receive either of these drugs. Importantly,
cardiac arrest was more frequent in patients treated with
HCQ.

An observational study of 3325 SARS-CoV-2 PCR-positive
patients admitted to 13 hospitals in New Jersey, United States,
did not find a survival benefit associated with HCQ
treatment.”' Patients positive for SARS-CoV-2 requiring
oxygen but not intensive care did not show improved
outcomes with HCQtreatment.72 Here, the primary outcome
was defined as survival without transfer to an intensive care
unit at 21 days, and secondary outcomes were defined as
survival without acute respiratory distress syndrome, weaning
off of oxygen, and discharge from the hospital at day 21. Lastly,
a retrospective study of patients with rheumatic conditions
found no association of HCQ_treatment with the prevention of
SARS-CoV-2 infection.””

B RANDOMIZED CLINICAL TRIALS SHOWING HCQ
BENEFIT

In addition to observational studies, several randomized
clinical trials with HCQ have been conducted.”*””” Published
in April 2020, early in the pandemic, data from a small 22-
person randomized clinical trial in China suggested a mild
improvement in patient outcomes with chloroquine treat-
ment.”* Here, patients who tested PCR-positive for SARS-
CoV-2 were treated with CQ or a combination of lopinavir and
ritonavir. In both treatment arms, there was no significant
difference in SARS-CoV-2 PCR positivity or T-cell counts.
However, patients who received CQ_showed slight improve-
ments in lung pathology upon CT scan and were discharged at
a slightly earlier time point post-treatment.”*

B RANDOMIZED CLINICAL TRIALS SHOWING NO
HCQ BENEFIT

In contrast to the small study discussed above, other larger
studies showed no HCQ_ benefit. In Brazil, a randomized
clinical trial of 667 patients, of which 504 were confirmed to
have COVID-19 by PCR positivity, was conducted.” In
roughly a 1:1:1 random assignment, 217 patients were treated
with a combination of HCQ and AZT, 221 patients were
treated with HCQ, and 229 patients received neither drug but
received glucocorticoids, immunomodulators, antibiotics, or
antivirals at the discretion of the treating physician.” Patients
in this study were classified to have mild to moderate disease
and would be excluded if receiving supplemental oxygen more
than 4L/min by nasal cannula, 40% by Venturi mask, high-flow
nasal canula, invasive or noninvasive ventilation, or prolonged
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QTc interval on electrocardiograms. After 15 days of
treatment, patients were scored on a seven-level ordinal scale
from no hospitalization to death. There was no significant
difference in outcomes in of patients given HCQ, HCQ +
AZT, or other types of treatment, but there were more
incidences of prolonged QTc intervals in HCQ-treated
patients.

In the Randomized Evaluation of Covid-19 Therapy
(RECOVERY) trial, 1561 patients were assigned HCQ
treatment and 3155 assigned standard of care in a 1:2 ratio
in 176 hospitals across the United Kingdom.”® At day 28, there
was a slight 1.09 increased rate ratio in mortality of HCQ
treated patients, with a 27% mortality rate in HCQ-treated vs
25% mortality rate in non-HCQ:-treated patients, and a slightly
lower discharge rate of HCQ-treated (59.6%) vs non-HCQ-
treated patients (62.9%). Of note, there was no difference in
death rate ascribed to COVID, but rather the slight increase in
deaths were due to cardiac causes and non-SARS-CoV-2
infection.

The WHO Solidarity Trial Consortium, which spanned 405
hospitals in 30 countries, tested the use of remdesivir, HCQ,
lopinavir, interferon beta-1a, or standard of care in treatment of
COVID-19 patients,”” and we will focus on HCQ. Patients
were randomly assigned in a 1:1 ratio the drug treatment
available or to local standard of care. Within 28 days, 104 of
947 patients treated with HCQ_died vs 84 of 906 non-HCQ-
treated patients, demonstrating a 1.19 rate ratio. None of the
drugs tested reduced mortality, initiation of ventilation usage,
or discharge rates.””

B RANDOMIZED CLINICAL TRIALS SHOWING NO
HCQ BENEFIT AS PROPHYLAXIS

A small randomized clinical trial of nonsymptomatic health-
careworkers at two hospitals in Pennsylvania were assigned in a
1:1 ratio to HCQ or placebo to examine if HCQ_prophylaxis
taken daily for 8 weeks would prevent SARS-CoV-2
infection.”® Four of 64 HCQ-treated and 4 of 61 placebo-
treated participants tested positive via a nasopharyngeal swab,
thus indicating that there was no prophylactic effect of HCQ
on SARS-CoV-2 infection.

A randomized double-blind study in Minneapolis, United
States, and Montreal, Canada, was conducted to test HCQ as
postexposure prophylaxis.”” Participants, who were asympto-
matic, were enrolled if they were exposed to a confirmed
COVID-19 individual. Within 4 days of exposure, 414
participants were randomly assigned to receive HCQ, and
407 received placebo folate treatment for S days. They were
then observed at days S, 10, and 14 for symptoms compatible
with the disease within 14 days or for confirmation with SARS-
CoV-2 PCR positivity. There was no difference in between
treatment groups in outcomes at days 5 and 10. At day 14,
there was a slight increase in COVID-19 cases in the placebo-
treated group, although this was not statistically significant. No
serious adverse effects were observed with HCQ_treatment.
These studies are summarized in Table 1.

B FINAL THOUGHTS

As of March 5, 2021, over 116 million individuals have been
infected with SARS-CoV-2 globally resulting in more than 2.5
million deaths.*® In the United States alone, there have been
close to 30 million infections (~9% of the U.S. population)
and over half a million deaths.*® On December 11, the FDA
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approved emergency use authorization for the first vaccine in
the COVID-19 pandemic. The vaccine, BNT162b2, created by
Pfizer and BioNTech was shown to be 95% effective in
protecting recipients from symptomatic COVID-19 infec-
tion.'” This unprecedented feat, both in rapidity of vaccine
development and governmental approval, is promising.
However, treatment options following infection are still needed
as vaccine production and distribution have been noted to be a
bottleneck in the implementation of a vaccination program.
Also, reported data was obtained from a clinical trial for
individuals aged 16 and above, with no representation of
younger, pregnant, or immunocompromised individuals.
Finally, the long-term protection offered by the vaccine is
currently unknown, as the available safety and efficacy data
were obtained two months following the administration of the
vaccine.'” These factors contribute to a need for continued
work in identifying and testing new and established drugs for
the treatment of COVID-19. The advantage of repurposing
FDA-approved drugs is the decreased time in obtaining
emergency use authorizations, as approved drugs have passed
the safety and efficacy tests required in the approval process.
Also, for these drugs a dosing regimen is usually established,
and pharmacokinetic properties are usually known, providing a
baseline for administration in the clinic.

Additional studies are required to fully understand the
nuances of SARS-CoV-2 infection. It is currently unknown if
there are SARS-CoV-2 receptors other than ACE2, and if so,
how many different cellular ligands can act as viral attachment
factors or receptors, and are these simultaneously, sequentially,
or differentially engaged. It is worth exploring if cathepsins B/L
and TMPRSS2 are complementary, if differential expression of
these proteases allow cell-specific viral entry, and whether there
are other proteases that can serve in this role. A deeper
understanding allows more precise drug targeting.

The antimalarials discussed in this Review have been in use
in the clinic for several years with established protocols for use
and known side effects. As an added benefit, some of these
drugs have also been shown to have antiviral effects. A global
consensus on the therapeutic benefit of CQ or HCQ
administration to COVID-19 patients has not been reached.
Randomized clinical trials do not show a benefit or harm of
HCQ treatment, and because of these results and possible
cardiac complications, some clinicians decline to use these
drugs to treat COVID-19. However, several observational
clinical studies show that under properly controlled circum-
stances, quinolines provide a marked benefit in mortality.
Given the large numbers of people infected by SARS-CoV-2,
drugs showing a possibility of improved mortality outcomes
are worth taking into consideration. Hence, while the United
States no longer recommends HCQ_as a therapeutic, CQ_is
recommended for treatment of COVID in China.®' It is
important to note that in cell-culture-based studies, these drugs
were shown to inhibit replication and to function prior to
infection or at early times post infection with little to no
toxicity, suggesting their use as prophylactics or early
intervention strategies. In addition to upcoming vaccine
candidates, use of “off the shelf” antimalarials could be
explored as a viable treatment option against COVID-19.
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