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Quinoline (QN) derivatives are often used for the prophylaxis and treatment of malaria. Chloroquine
(CQ), a protonated, weakly basic drug, exerts its antimalarial effect mainly by increasing pH and
accumulating in the food vacuole of the parasites. Repurposing CQ is an emerging strategy for new
indications. Given the inhibition of autophagy and its immunomodulatory action, CQ shows positive
efficacy against cancer and viral diseases, including Coronavirus 2019 (COVID-19). Here, we review the
underlying mechanisms behind the antimalarial, anticancer and antiviral effects of CQ. We also discuss

the clinical evidence for the use of CQ and hydroxychloroquine (HCQ) against COVID-19.

Introduction

CQ, a 4-aminoquinoline, has been used as an antimalarial drug for
many years, and has also subsequently shown therapeutic effect in
systemic lupus erythematosus (SLE) and rheumatoid arthritis (RA)
[1]. Recently, CQ has also shown potential in the treatment of
cancers and viral infections with pleiotropic effects through com-
plex mechanisms [2—4].

Both CQ and its analog HCQ are characterized by rapid onset,
long duration of action, low toxicity, and high tolerance in
humans [5]. CQ is partly metabolized into a mono-desethyl me-
tabolite and eliminated mainly through the kidneys. Its long half-
life makes it amenable to once-weekly drug delivery for malaria
treatment [6]. HCQ is created by replacing an ethyl group in CQ
with a hydroxyethyl group; this results in a larger volume of
distribution and lower toxicity in humans [7]. They are both easily
distributed to different tissues, and can cross the blood-brain
barrier (BBB) and the placental barrier with almost no toxicity

Corresponding authors: Chen, Z.-S. (chenz@stjohns.edu), Zou, C.
(zou.chang@szhospital.com), Zhang, J. (jianyez@163.com)
5 These authors contributed equally to this review.

to pregnant women or their fetuses [8]. However, a long-term dose
regimen leads to drug accumulation in lungs, heart, liver, and
kidneys at a concentration 10-100 times more than in the plasma,
which could be a concern for drug safety [6].

Although taking CQ as a prescribed drug produces few adverse
effects, high dosage and long-term administration can lead to
severe toxicity, including retinopathy, neuropathy, cardiomyopa-
thy, hypoglycemia, dermatological reactions, and bone marrow
suppression. Given the ion activity of CQ and HCQ, they can block
potassium channels responsible for ventricular repolarization.
QTc prolongation and torsade de pointes (TdP) can occur in
patients after both short-term and high-dose administration of
CQ and, thus, drug-drug interactions (DDI) with other QTc-
prolonging drugs is a cause for concern [9]. Therefore, regular 6-
month ophthalmological follow-up examinations, cardiac moni-
toring, complete blood counts, and blood glucose level tests are
advised for patients taking either CQ or HCQ [10].

Here, we review the underlying mechanisms of CQ and HCQ to
treat malaria, cancers and viral infections. In addition, we discuss
clinical evidence for the use of CQ and HCQ against COVID-19.
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Chloroquine as an antimalarial agent

During the first half of the 19th century, QN was successfully
extracted from Cinchona bark by French pharmacists, and it be-
came the earliest antimalarial drug. Based on the structure of QN,
CQ was first synthesized by Bayer A.G. in Germany in 1934,
followed by HCQ in 1944. After drug resistance to CQ was discov-
ered, several other compounds were designed on the basis of the
QN parent nucleus to treat malaria [11].

Malaria drug therapy

Malaria is a devastating infectious disease and a public health
problem around the world. According to the WHO World Malaria
Report 2018, ~219 million people worldwide were infected with
Plasmodium, especially children and pregnant women, and 435
000 individuals died of malaria [12]. Malaria is mainly caused by
five common species of protozoan parasites: Plasmodium falci-
parum, Plasmodium vivax, Plasmodium ovale, Plasmodium knowlesi,
and Plasmodium malariae. Of these, P. vivax is the most widespread,
leading to severe global morbidity and mortality [13].

CQ has been a widely used, effective antimalarial therapy for
decades. It is often recommended to be co-administered with
primaquine to prevent P. vivax recurrence [14]. However, with
the appearance of drug-resistant strains of Plasmodium, novel
antimalarial agents are urgently needed. A series of common
antimalarial quinoline derivatives have been synthesized, all of
which have shown some activity against malaria in a single
treatment. For example, the 4-aminoquinolines (amodiaquine,
pyronaridine, and piperaquine), aminoalcohols (mefloquine and
lumefantrine) and 8-aminoquinolines (primaquine) are all prom-
ising antimalarial agents [15] (Fig. 1).

After artemisinin was discovered by Tu and colleagues, artemi-
sinin-based combination therapy (ACT) was used as first and
second-line treatment for uncomplicated P. falciparum as well as
CQ-resistant P. vivax malaria [16]. Amodiaquine, piperaquine,
pyronaridine, and lumefantrine are recommended by WHO as

partner drugs for artemisinin derivatives. Some common drug
combinations include dihydroartemisinin-piperaquine (DHA-
PPQ) [17], artesunate-amodiaquine (AS-AQ) [18], pyronaridine-
artesunate (PY-AS) [19], and artemether-lumefantrine (AL) [20].

Mechanisms of action of chloroquine against malaria

The quinolines mostly exert their antimalarial effect during the
blood stages or liver stages of the life cycle of the parasite [21]. As a
protonated, weakly basic drug, CQ increases pH and accumulates
in the food vacuole of parasites, where the host erythrocyte
hemoglobin degrades, leading to the release of the toxic products.
Iron (II) protoporphyrin IX (FelIPPIX) is automatically oxidized to
toxic iron (III) protoporphyrin IX (FellIPPIX) or hematin, but the
parasites can survive by detoxifying hematin to a dimerized non-
toxic hemozoin form. CQ inhibits the polymerization and detoxi-
fication of hematin and interferes with the degradation of host
erythrocyte hemoglobin, preventing Plasmodium growth [22].
Therefore, CQ causes the accumulation of free hematin that is
highly toxic to Plasmodium, resulting in dissolution of the cell
membrane and, ultimately, death of the parasites.

Moreover, the peroxidation of parasite lipid membranes, inhi-
bition of lactate dehydrogenase and tyrosine kinase, oxidation of
proteins, and damage to DNA also have important roles in the
viability of the parasites [23]. CQ can insert into the DNA double
helix structure of Plasmodium to form a stable DNA-CQ complex.
This complex affects DNA replication and RNA transcription, thus
inhibiting Plasmodium growth and reproduction [24]. However,
the exact antimalarial mechanisms involved remain controversial.

=
w
L
o
v
(%]
-
(%]
]
-9

o

wv

=
)

>

(<)
oc

Drug resistance against antimalarial agents

Although antimalarial agents are successfully and widely used in
chemotherapy, drug resistance has hindered their clinical appli-
cation. Antimalarial drug resistance can involve the evolution and
variation of resistant strains of Plasmodium [25]. The drug resis-
tance is closely associated with single nucleotide polymorphisms
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The chemical structures of antimalarial quinoline derivatives. (@) Chloroquine (CQ); (b) hydroxychloroquine (HCQ); (c) amodiaquine; (d) pyronaridine; (e)

piperaquine; (f) mefloquine; (g) lumefantrine; and (h) primaquine.
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(SNP) in P. falciparum CQ-resistant transporter (Pfcrt) and P. falci-
parum multidrug resistance 1 (Pfindrl) genes [26].

A reduction in drug accumulation is regarded as the primary
reason for drug resistance. Several candidate genes related to
membrane transport implicate antimalarial drug resistance, and
P. falciparum has several genes with sequence similar to ATP-
binding cassette (ABC) transporters. The balance between P-ghl
(encoded by Pfindr1l) and PfCRT (encoded by Pfcrt) has a crucial
role in regulating drug influx and efflux because of modulation of
the anion channel [22]. Thus, drug resistance can arise as a result of
the transmembrane protein pump on the cell surface and pH in the
food vacuole. The reduced accumulation of drugs can result from
an increase in energy-dependent efflux, a decrease in uptake, and
the inability of drugs to bind to their target sites [25].

Chloroquine as an anticancer agent

Cancer results in high mortality around the world. Multiple factors
regulating tumor invasion and migration could be targets for
anticancer drugs [27]. Repurposing drugs is a way to develop
new indications for existing compounds. When compared with
developing new drugs, repurposing drugs by screening, modifying,
or identifying new combinations can reduce development costs
and shorten drug development time [28]. Moreover, the mecha-
nisms of action, molecular targets, pharmacological properties,
tolerability, and toxicity of approved drugs are generally well
understood, allowing them to be used more effectively and safely
[29].

At present, repurposing drugs for cancer treatment is considered
an alternative strategy and important supplement to drug devel-
opment. Besides its antimalarial effects, the novel use of CQ as an
anticancer agent has drawn great attention. CQ is regarded as an
autophagy inhibitor and could be an adjuvant to anticancer
chemotherapies. In addition, CQ renders tumor cells more sensi-
tive to a variety of anticancer drugs and enhances their therapeutic
activity [7].

Single and combination use of chloroquine

The antitumor effects of CQ alone or in combination with other
drugs for different types of cancer have been reported in a series of
experimental studies. Research has shown that a single treatment
of CQ (25 pM for cells and 50 mg/kg/day for mice) induced
prostate apoptosis response-4 (Par-4) protein secretion through
the activation of p53, which promoted Rab8b to transport Par-4
from the Golgi to the plasma membrane, playing a crucial role in
the inhibition of metastatic tumor growth [30]. However, a ran-
domized and double-blinded trial showed that a single treatment
using CQ did not show positive efficacy, which might be attributed
to differences in autophagy mechanisms [31]. Blocking autophagy
did not necessarily prevent cancer cell growth because glucose
starvation or 2-deoxyglucose (2DG) that inhibits hexokinase could
prevent CQ-induced lysosomal swelling, damage, and cell death
[32]. Compared with monotherapy, combination treatment of CQ
with chemotherapy can enhance efficacy, decrease toxicity, and
reduce the drug dosage need. A meta-analysis concluded that
autophagy inhibitors, such as CQ and HCQ, combined with other
anticancer agents, could significantly increase overall response
rate (ORR), 1-year overall survival (OS) rate, and 6-month progres-
sion-free survival (PFS) rate, improving survival of patients with

cancer [33]. In addition, among in vitro and in vivo studies, the
combination groups always presented more efficacy against
tumors than other groups, which might be because of inhibition
of autophagy and induction of apoptosis [7] (Table 1).

Of the 22 clinical trials of CQ in the treatment of cancers on
ClinicalTrials.gov (Table 2), most of the findings showed that the
drug combination was well tolerated and the maximum tolerated
dose (MTD) was increased, but there was no significant difference
in the treatment groups and control groups, and no significant
improvement in OS was observed. Therefore, the efficacy of the
combination use of CQ with anticancer agents should be further
assessed and explored in larger samples.

Recent studies found that nanoparticle delivery of CQ combi-
nation treatment could further enhance its anticancer effects via
accumulation of drugs in the tumor tissue. The most common
combination was the co-delivery of doxorubicin (DOX) and CQ in
nanoparticles [34,35].

Inhibition of autophagy in cancer therapy

Autophagy, a self-degradative process in eukaryotic cells, removes
damaged or dysfunctional cellular organelles and proteins [36]. It
is a dynamic process that helps regulate metabolic stress response
and maintain cellular homeostasis [37]. Autophagy is typically
divided into several stages: initiation, autophagosome formation,
fusion, and degradation [38]. More specifically, it starts with the
formation of double-membraned vesicles, and then autophago-
somes that engulf damaged or dysfunctional cellular organelles
and proteins [39]. Autophagosomes and lysosomes fuse to form
autolysosomes, and the components are eventually degraded by
acidic lysosomal hydrolases [3] (Fig. 2).

The role of autophagy is interesting but complicated because it
can cause unintended consequences (e.g., cancer-promoting or
cancer-suppressing effects) [40]. On the one hand, given the
genomic instability and degradation of vital components, autop-
hagy inhibits tumor growth and induces apoptosis because of
abnormal transformations [41]. On the other hand, the clearance
and recycling of dysfunctional organelles and proteins provide
energy for tumor cells. It maintains cellular homeostasis and
confers resistance of cancer cells against chemotherapy and radio-
therapy [42].

Therefore, targeting autophagy could help overcome drug resis-
tance and enhance the clinical efficacy of anticancer therapies for
patients [43]. CQ, an autophagy inhibitor, exerts its antitumor
effect by inhibiting the fusion of autophagosomes and lysosomes.

Mechanisms of action of chloroquine against cancer
CQ is widely used for sensitizing tumor cells to chemotherapy and
radiotherapy. Despite considerable evidence for the efficacy and
safety of CQ, the mechanisms behind its antitumor effects remain
unclear. CQ not only impairs the anticancer immune response and
prevents tumor cell escape [44], but also has advantages in regu-
lating multiple cellular signaling pathways involved in inflamma-
tion and cancer [45] compared with other important natural
agents, such as curcumin [46], zerumbone [47], thymoquinone
[48], and honokiol [49]. It can affect the expression level of
inflammatory factors, including nuclear factor-kappa B (NF-«kB)
and interleukin-1 beta (IL-1). Here, we focus on autophagy
inhibition and tumor vascular normalization.
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TABLE 1
Summary of in vitro and in vivo studies combining anticancer agents with CQ
Tumor type Intervention Intervention CQ dose Cell line/animal Therapeutic effect Refs
dose model
APL Arsenic trioxide 1 uM 10, 25 uM NB4 Suppressing cell growth, inhibiting autophagy, and  [90]
inducing mitochondrial pathway apoptosis and S
phase arrest
BC Trichostatin A 0.5 uM 25 uM MCF10A, Inducing cell apoptosis by activating FOXO1 and [91]
MCF10A-ras inhibiting mTOR pathway z
cscc Gefitinib 5 uM 50, 100 pM A431 Inhibiting protective autophagy and enhancing [92] '?'s‘
apoptosis 2
'—
GC Tenovin-6 0.2,05,1,2,4 M 25, 50 puM AGSEBV, SNU- Inhibiting cell proliferation, inhibiting autophagy flux, [93] 3
719, AGS, HGC-27, and inducing G1 arrest and apoptosis with p53 o
N87, SNU-1, activation g
KATO-lI =
(]
GC CMG002 100 nM 10 uM AGS, NUGC3 Inducing apoptotic cell death by blocking PI3K/AKT/ [94] =
mTOR pathway
HCC Doxorubicin 1 mg/kg 2 times/ 25 mg/kg/day Sprague-Dawley Inducing apoptosis by upregulating TRAIL/TRAILR2,  [95]
week rats caspase-3, and caspase-8 and downregulating Bcl-2
Hypophysoma  Cabergoline 100 WM 20 uM GH3, MMQ Increasing cell death, enhancing disruption of [103]
autophagy; inducing apoptosis with accumulation of
p62/caspase8/LC3-II
0.5 mg/kg/2 days 50 mg/kg/day Athymic nude Suppressing tumor growth
mice, F344 rats
Melanoma Temozolomide 100 M 20 pM Mel MTP, Mel Z Potentiating TMZ-induced apoptosis, inducing GO/G1  [96]
and Mel IL arrest and enhancing cytotoxicity
NEN Everolimus 3 mg/kg/day 60 mg/kg/day BONT1 Reducing tumor size and weight, inhibiting [97]
(RADOO1) subcutaneous autophagy and increasing apoptosis with mTORC1
neoplasm mice signaling pathway inhibition
NPC Cisplatin 50 uM 5,50 pM C666-1 Inhibiting cell viability and promoting apoptosis with [98]
high-expression of Beclin 1 and LC3B-II
NSCLC Paclitaxel 10 nM 10 M A549 Inhibiting tumor metastasis, reverting paclitaxel [99]
resistance and suppressing autophagy via ROS-
mediated modulation of AKT activity and
downregulation of Wnt/[3-catenin pathway
C2-ceramide 10, 20, 50 pM 10 M H460, H1299 Inducing cytotoxicity, promoting cell apoptosis, [104]
inhibiting autophagy through inhibition of Src and
SIRT1 and activation of LAMP2 and LC3-I/II
5 M 5 UM Zebrafish Inhibiting tumor growth
xenografts
Honokiol 10, 20, 30, 40, 10, 20 LM A549, H460 Inhibiting cell proliferation and inducing cell death in [105]
60 uM caspase-dependent and cathepsin D-involved manner
50 mg/kg/day 100 mg/kg/day BALB/c nude Reducing tumor growth
mice
Gefitinib 100 nM 10, 20 UM PC-9/wt, PC-9/ Inducing apoptosis, inhibiting autophagy and [106]
gefB4 and PC-9/  reversing gefitinib resistance
gefE3
50 mg/kg/day 75 mg/kg/day BALB/c nude Potentiating gefitinib-induced antitumor activity and
mice reducing tumor growth
ocC Cisplatin 5 M 5,10 pM SKOV3, hey Inhibiting cell growth, migration, and invasion, [107]
inhibiting autophagy
5 mg/kg/6 days 60 mg/kg/day BALB/c nude Reducing tumor volume and tumor weight
mice
PC Gambogic acid 1,2 M 40 M PANC-1, BxPC-3 Inhibiting autophagy by reducing mitochondrial [108]
membrane potential and increasing ROS
accumulation
8 mg/kg/3 days 100 mg/kg first BALB/c nude Inhibiting tumor growth
day mice
RCC ABT-737 1T M 25 uM A498, 786-0 Decreasing cell viability, inducing lysosome- [100]
dependent cell death by increasing cellular ROS level
Everolimus 15 uM 20 uM A498, RXF393, Inducing cell viability and apoptosis via intrinsic [101]

SN12C, 769P

mitochondrial apoptotic pathway activation
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TABLE 1 (Continued)

Tumor type Intervention Intervention CQ dose Cell line/animal Therapeutic effect Refs
dose model
TNBC Osimertinib 2.4,4,65 UM 10, 30, 75 pM MDA-MB-231 Improving effectiveness of osimertinib through [102]
autophagy-apoptosis crosstalk pathway (pAKT
inhibition and pBad activation)
Isorhamnetin 10 M 20 pM MDA-MB-231, Inhibiting cell proliferation, inducing apoptosis, [109]
MCF-7, BT549, inducing generation of ROS and inducing
MCF-10A mitochondrial fission through phosphorylation of
Camk Il and Drp1 as well as their mitochondrial
translocation
20 mg/kg/2 days 40 mg/kg/2 days Nude mice Suppressing tumor growth

Abbreviations: APL, acute promyelocytic leukemia; BC, breast cancer; CSCC, cutaneous squamous cell carcinoma; GC, gastric cancer; HCC, hepatocellular; Int., interventions; NEN,
neuroendocrine neoplasms; NPC, nasopharyngeal carcinoma; NSCLC, nonsmall cell lung cancer; OC, ovarian cancer; PC, pancreatic cancer; RCC, renal cell carcinoma; TNBC, triple-
negative breast cancer.
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TABLE 2
Clinical trials investigating the use of CQ and HCQ to treat cancers

Cancer NCT number Phase Cancer NCT number Phase Cancer NCT number Phase
cQ
Brain metastasis NCT01894633 Il NCT00224978 llI Myeloma NCT01438177 |l
NCT01727531 N/A NCT03243461 I Nonsmall cell lung NCT02786589 /Il
Breast NCT02333890 Il Glioma/cholangiocarcinoma/ NCT02496741 /Il Pancreatic NCT01777477 |
chondrosarcoma
NCT01446016 I Hematological or solid tumor NCT04333914 I Prolactinoma NCT03400865 N/A
Ductal carcinoma NCT01023477 1/l Malignant neoplasm NCT02071537 | Small cell lung NCT01575782 |
Glioblastoma NCT04397679 | NCT02366884 I NCT00969306 |
NCT02378532 | Melanoma NCT01469455 |
NCT02432417 1l NCT03979651 N/A
HCQ
Advanced NCT01266057 | Lymphangioleiomyomatosis NCT01687179 | Adenocarcinoma NCT01978184 I
Central nervous system tumors NCT00486603 I/I| Melanoma NCT00962845 | NCT01128296 I/l
Breast NCT04316169 | NCT02257424 /1l NCT03825289 |
NCT02414776 | NCT03979651 N/A  Prolactinoma NCT03400865 N/A
NCT03032406 Il NCT03754179 I/1l Prostate NCT04011410 1l
NCT03774472 1/l NCT01897116 | NCT03513211 I/1l
NCT00765765 /1l Myelodysplastic Syndromes  NCT03929211 I/Il NCT00726596 ||
NCT03400254 /1l Myeloma NCT01689987 | NCT00786682 I
NCT01292408 Il NCT01396200 | NCT01828476 I
Cholangiocarcinoma NCT03377179 I NCT00568880 | NCT02421575 |
Colorectal NCT01006369 I NCT04163107 | Rectal/colon/adenocarcinoma NCT01206530 I/11
NCT02316340 Il Nephropathy NCT02765594 VIl Renal cell carcinoma NCT01144169 |
NCT03215264 /1l Nonsmall cell lung cancer NCT00809237 I/1l NCT01550367 I/l
Gastrointestinal NCT04214418 /1l NCT01649947 I NCT01510119 I/1l
NCT04145297 | NCT01026844 | Sarcoma NCT01842594 I
Glioblastoma NCT04201457 /1l NCT02470468 /1l Small cell lung NCT02722369 I
NCT01602588 I NCT00977470 I Solid tumor NCT01417403 |
NCT03008148 I/l Osteosarcoma NCT03598595 I/1l NCT00714181 |
Hematological malignancy NCT04392128 I Ovarian cancer NCT03081702 I/1l NCT00909831 |
Hepatocellular NCT03037437 |l Pancreatic cancer NCT04132505 | NCT02232243 |
NCT02013778 I/1l NCT04386057 I NCT01023737 |
Leukemia NCT00771056 I NCT01506973 I/1l NCT01634893 |
NCT02631252 | NCT01273805 I NCT03015324 |
NCT01227135 I NCT01494155 I NCT01480154 |
Lung NCT00728845 I/1l NCT03344172 11 NCT00813423 |

Tumor cells use autophagy as a crucial compensatory survival
mechanism. Autophagy has long been a target of combinational
cancer therapeutic strategy. In recent years, it became clear that
the underlying mechanisms of CQ-mediated tumor cell death
include inhibition of autophagy, disruption of the cell cycle,
and induction of cell apoptosis [50]. CQ increases pH in lysosomes
and blocks the last step of the autophagy process by impeding the

degradation of autophagic proteins, such as light chain 3B-II
(LC3B-1I). Thus, it prevents the production and recycling of im-
portant nutrients and metabolites, including nucleotides, amino
acids, and fatty acids, causing tumor cell damage and death
[51,52]. When the late stage of autophagy is inhibited, cytotoxic
effect is increased by promoting cell apoptosis and cell-cycle arrest
[53].
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FIGURE 2

The process of autophagy. The phagophore, which originated from the endoplasmic reticulum, is extended to form autophagosomes. The autophagosome can
engulf damaged or dysfunctional cellular organelles and proteins. It then fuses with lysosomes to form autolysosomes, and the components are eventually
degraded by acidic lysosomal hydrolases, which is inhibited by chloroquine (CQ).

Nonetheless, the antitumor effect of CQ is possibly independent
of autophagy inhibition. Using genome editing, deletion of autop-
hagy-related protein 7 (ATG7) did not improve the efficacy of CQ
in inhibiting cell proliferation and tumorigenesis in vitro [54].
Thus, the antiproliferation effect might be achieved by damage
to mitochondrial membrane permeability and inhibition of ABC
family protein and DNA repair [3].

In addition, inhibition of angiogenesis and tumor vascular
normalization are attracting attention as emerging strategies for
cancer treatment [55]. Tumor blood vessels not only provide
nutrients and oxygen for tumor cells, but can also remove meta-
bolic waste, which contributes to the growth and metastasis of
cancer. Thus, inhibition of angiogenesis might be an effective
anticancer strategy [55]. A study showed that CQ might inhibit
angiogenesis via the downregulation of p-AKT, Jagged1, and Ang2,
to effectively suppress cancer growth [56]. Some tumor cells are
less sensitive to chemotherapy, especially under hypoxic condi-
tions, but tumor vascular normalization reverses this phenome-
non. Maes and colleagues demonstrated that reduction of
intratumoral hypoxia, invasion, and metastasis was seen after
administrating CQ. To some extent, this can be achieved through
an autophagy-independent, NOTCH1-reliant mechanism of tu-
mor vascular normalization [57]. Moreover, CQ increases the
delivery and response of chemotherapy drugs by reducing blood
vessel density and improving cell alignment [S8].

Chloroquine as an antiviral agent

The broad-spectrum antiviral action of chloroquine

Viral infection is a multistep process involving the fusion of virus
with host cell membrane, viral particle transport, nucleic acid
replication and transcription, protein glycosylation, viral assem-
bly and viral release [59] (Fig. 3). Previous studies showed that CQ
increased the pH in organelles, thereby suppressing these steps and
abrogating viral replication and further infection [60].

CQ has been developed as a nonspecific antiviral drug and
exerted direct antiviral effects with inhibiting the replication of
several viruses, including flavivirus, retrovirus, and coronavirus
families [61]. Previous studies showed the antiviral activity of CQ

in Chikungunya virus (CHIKV), dengue virus-2 (DENV-2), hepati-
tis C virus (HCV), Ebola virus (EBOV), human immunodeficiency
virus (HIV), Severe Acute Respiratory Syndrome coronavirus
(SARS-CoV), and Middle East Respiratory Syndrome coronavirus
(MERS-CoV) [2]. Zika virus (ZIKV) infection causes neonatal mi-
crocephaly and neurological disorders, and CQ can prevent ma-
ternal to fetal ZIKV transmission. CQ also impedes the release of
viral RNA from endosomes and reduces autophagy-dependent
virus replication [62].

However, these results are from in vitro or in vivo animal experi-
ments. Clinical trials concerning CQ and HCQ antiviral use are
summarized in Table 3. Unfortunately, the clinical efficacy of both
drugs is not yet clear and warrants further study.

Mechanisms of action of chloroquine against viral infections
The lysosomotropic and immunomodulatory properties of CQ
have crucial roles in viral infection and replication. The acidifica-
tion of endosomes and the activities of host endosomal proteases
are indispensable to the survival of viruses. Autophagy inhibitors
can potently inhibit the fusion of autophagosomes and lysosomes,
resulting in the accumulation of autophagosomes and increased
lysosomal pH, which eventually suppress viral infection [63]. CQ
can cross the membranes of cells and organelles to accumulate in
endosomes, lysosomes, and Golgi vesicles, thereby increasing the
pH of cytoplasmic organelles, leading to the dysfunction of intra-
cellular enzymes and preventing the fusion of viral envelope
protein with the endosomal membrane [64].

Interferons (IFNs) impart immunomodulatory action against
viral infections and the IFN system is crucial for the innate
immune response to an acute viral infection. Interferon-gamma
(IFN-y) degrades RNA and inhibits protein synthesis and RNA
mismatching [65]. Studies suggested that CQ affected the recog-
nition of viral antigen by plasmacytoid dendritic cells via suppres-
sing toll-like receptor (TLR) signaling [66] and postponing cell-
mediated adaptive immune responses [65]. Moreover, CQ inhibits
the production of chemokines, cytokines, nitric oxide (NO), reac-
tive oxygen species (ROS), and other mediators that contribute to
the severity of viral infections. It also inhibits cytokine storm and
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Viral infection. The process of viral infection has several stages: viral entry, viral particle transport, uncoating, nucleic acid replication and transcription, post-

translational processing, virus assembly, and virus release.

TABLE 3

Clinical trials of CQ and HCQ for the treatment of viral disease other than COVID-19

Viral disease NCT number Trial phase Viral disease NCT number Trial phase Viral disease NCT number Trial phase
Intervention: CQ Intervention:
HCQ

AIDS NCT00972725 Il HIV NCT00308620 I/l Hepatitis C NCT01833845 1/
Autoimmune hepatitis NCT01980745 \% NCT00132535 N/A HIV NCT01232660 |

NCT02463331 \% NCT00819390 1] NCT01067417 1]
Chikungunya NCT00391313 I} Influenza NCT01078779 1] NCT02475915 171
Dengue NCT00849602 17 Rabies NCT02564471 \%

Hepatitis C virus NCT02058173 I\

reduces the proinflammatory response as well as the activation of
macrophages [2,61-64].

Limitations of chloroquine as an antiviral therapy

The analysis of data from clinical trials or animal experiments
suggests that long-term treatment with CQ is pernicious
[65,67] and reduces its potential therapeutic effect over time
[68]. Sufficient and stable concentrations of CQ are required
for maximal therapeutic effect. First, it is difficult to increase
and maintain the pH of acidic organelles at neutral levels.
Either the steady-state plasma concentration of CQ must
be maintained at least at 3.125 wM/l or the whole-blood

concentration should be maintained at 16 uM/1 [68]. Second,
the narrow therapeutic indexes and poor penetration to spe-
cific tissues are controversial [67]. Third, acute stage, severity
of infections, and dose regimens are also vital considerations
for therapeutic effect.

To overcome these limitations, feasible solutions, such as com-
bination therapies and sustained-release dosing, have been devel-
oped. For example, nanoparticle drug delivery systems (NDDSs)
improve drug distribution, drug release rate, and tissue targeting
[69]. Improved pharmacokinetics seen in in vitro results, such as
bioavailability and steady-state concentration, might also confer
in vivo efficacy [70].
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Application of chloroquine and hydroxychloroquine
for COVID-19

A new pneumonia caused by a novel coronavirus emerged in
China in December 2019. The WHO named the disease
‘Coronavirus Disease 2019 (COVID-19)’. The Coronavirus Study
Group (CSG) of the International Committee denominated the
virus as ‘Severe Acute Respiratory Syndrome coronavirus 2 (SARS-
CoV-2)’. COVID-19 has since spread to numerous countries, caus-
ing a global pandemic.

As of July 12, 2020, WHO announced that >12 550 000 cases of
COVID-19 have been confirmed worldwide which included
561 617 deaths [71]. COVID-19 spreads through droplets, respira-
tory secretions, direct contacts, and fecal swabs. The patients show
symptoms such as fever, fatigue, cough, sputum production,
diarrhea, and vomiting, and a few severely ill patients rapidly
develop acute respiratory distress syndrome, multiple organ fail-
ure, and even die [72]. Unfortunately besides remdesivir (RDV), no
drugs or vaccines has been formally approved for the treatment of
COVID-19 so far.

The invasive routes of SARS-CoV-2

The Spike (S) glycoprotein of SARS-CoV-2 and SARS-CoV shares
76% amino acid sequence identity [73]. This virion of coronavirus
can attach to the angiotensin-converting enzyme 2 (ACE2) recep-
tor on the surface of human cells, mediating viral entry. Hoffmann
et al. provided evidence that SARS-CoV-2 depended on the ACE2
receptor to enter host cells, similar to SARS-CoV [74]. Blocking the
activation of angiotensin receptor 1 (AT1R) and upregulating the
expression of ACE2 can increase angiotensin 1-7, which could
protect the lung from injury. Researchers speculated that AT1R
antagonists, such as losartan, might offer protection from severe
symptoms among patients with SARS-CoV-2 [75].

In addition, viral entry can be blocked by an inhibitor of the
cellular transmembrane protease serine 2 (TMPRSS2), and it is
closely related to the binding and priming of S glycoprotein.
Studies found that TMPRSS2 inhibitors, such as camostat mesylate,
blocked SARS-CoV-2 infection of lung cells [74]. Wang et al. veri-
fied that CD147 was a novel receptor for SARS-CoV-2 invasion and

anti-CD147 antibody, such as meplazumab, could competitively
inhibit the binding of S glycoproteins and CD147, preventing
virus replication [73]. However, the efficacy of these products
needs further exploration.

Treating COVID-19 with chloroquine and hydroxychloroquine
Research into safe, effective, and low-toxicity anti-SARS-CoV-2
agents is urgently needed. Wang et al. evaluated the antiviral effect
of seven antiviral drugs in vitro, and demonstrated the preliminary
efficacy of RDV [half-maximal effective concentration (ECsg)
=0.77 pM] and CQ (ECsp=1.13 M) in inhibiting SARS-CoV-2
[76]. HCQ was also reported to be potentially effective in inhibit-
ing SARS-CoV-2 infection in vitro [77].

Results from >100 patients in China showed that CQ was
superior to the control group in alleviating the exacerbation of
pneumonia, improving pulmonary images, increasing the nega-
tive conversion of the virus, and reducing the disease course [78].
Gautreta et al. indicated that HCQ combined with azithromycin
caused viral load reduction or disappearance among 36 patients in
an open-label nonrandomized clinical trial [79]. Nevertheless,
some scientists cast doubt on the efficacy of HCQ because of
the study limitations, including small sample size and short-term
follow-up [80].

Recently, a 2019-nCoVr model was designed to help develop
therapies and vaccines against SARS-CoV-2. Mefloquine hydro-
chloride, a quinoline derivative, presented potential therapeutic
effects in this model and a clinical trial (NCT04347031) was
initiated to study its off-label use for the treatment of COVID-
19 [81].

In a multinational registry analysis, 96 032 patients with
COVID-19 were assessed, of whom 14 888 received CQ or HCQ
with a macrolide treatment. Results showed that all four regimens
increased the risk of de novo ventricular arrhythmias and in-hos-
pital mortality, but the study was retracted on June 5, 2020 [82].
Based on the existing scientific data with no benefit on mortality
or in speeding recovery, the US Food and Drug Administration
(FDA) revoked the emergency use authorization for CQ and HCQ
on June 15, 2020. WHO discontinued the Solidarity Trial of HCQ
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The roles of chloroquine (CQ) in malaria, cancer, and viral diseases.
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and lopinavir/ritonavir (LPV/RTV) arms on July 4, 2020, because
these interim trial results indicated that both they produced little
or no reduction in mortality of patients hospitalized with COVID-
19 when compared with standard care. There is an urgent need for
additional high-quality randomized clinical trials to demonstrate
the efficacy of CQ and HCQ in treating COVID-19.

Several clinical trials are underway using CQ and HCQ for the
treatment of COVID-19. As of July 12, 2020, there are more than
2500 ongoing clinical trials on ClinicalTrials.gov investigating
potential therapeutic options for the prevention and/or treatment
of COVID-19, including 80 clinical trials with CQ interventions
and 239 with HCQ interventions.

Prudent use of chloroquine and hydroxychloroquine

CQ and HCQ have become the focus of the global scientific
community because of promising results in some in vitro studies
or clinical trials. However, indiscriminate promotion and wide-
spread deployment of CQ in Africa for COVID-19 have led to
extensive shortages and increased market prices, which hindered
the treatment of patients with malaria [83]. Although the safety of
CQ and HCQ has been well established in the treatment of malaria
or auto-immune disease, patients with COVID-19 might be more
susceptible to adverse effects due to their older age and complica-
tions such as diabetes, obesity, and cardiovascular diseases, as well
as prevalent polypharmacy [84].

According to the investigation of cardiac adverse drug reactions
by the network of French pharmacovigilance centers, there are
several unknown consequences with off-label use of CQ, HCQ,
LPV/RTV, and azithromycin in COVID-19. As a result, 120 reports
of cardiac adverse drug reactions had been notified in a month,
most of which were associated with HCQ alone (86%) or combined
with azithromycin (60%) [85]. CQ and HCQ might cause QTc
prolongation and sodium-channel inhibition, leading to ventric-
ular arrhythmias and cardiovascular collapse, and the symptoms
described early are exacerbated when combined with other QTc
prolonging agents, such as azithromycin [86]. Another clinical
trial demonstrated that patients with COVID-19 treated with CQ
showed a gradually increasing QTc interval [87]. Thus, an initial
cardiac evaluation is needed for patients before administering CQ
or HCQ against SARS-CoV-2 in the clinic.
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Concluding remarks
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