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Abstract The coronavirus disease 2019 (COVID-19) pan-
demic caused by severe acute respiratory syndrome corona-
virus (SARS-CoV)-2 has resulted in the death of more than
328,000 persons worldwide in the first 5 months of 2020.
Herculean efforts to rapidly design and produce vaccines
and other antiviral interventions are ongoing. However,
newly evolving viral mutations, the prospect of only tempo-
rary immunity, and a long path to regulatory approval pose
significant challenges and call for a common, readily avail-
able, and inexpensive treatment. Strategic drug repurposing
combined with rapid testing of established molecular targets
could provide a pause in disease progression. SARS-CoV-2
shares extensive structural and functional conservation with
SARS-CoV-1, including engagement of the same host cell re-
ceptor (angiotensin-converting enzyme 2) localized in cho-
lesterol-rich microdomains. These lipid-enveloped viruses
encounter the endosomal/lysosomal host compartment in a
critical step of infection and maturation. Niemann-Pick type
C (NP-C) disease is a rare monogenic neurodegenerative dis-
ease caused by deficient efflux of lipids from the late endo-
some/lysosome (LE/L). The NP-C disease-causing gene
(NPC1) has been strongly associated with viral infection,
both as a filovirus receptor (e.g., Ebola) and through LE/L
lipid trafficking. This suggests that NPC1 inhibitors or NP-C
disease mimetics could serve as anti-SARS-CoV-2 agents.
Fortunately, there are such clinically approved molecules
that elicit antiviral activity in preclinical studies, without
causing NP-C disease. Inhibition of NPC1 may impair viral
SARS-CoV-2 infectivity via several lipid-dependent mecha-
nisms, which disturb the microenvironment optimum for viral
infectivity.Hll We suggest that known mechanistic information
on NPC1 could be utilized to identify existing and future
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The coronavirus disease 2019 (COVID-19) pandemic,
caused by the novel severe acute respiratory syndrome
coronavirus (SARS-CoV)-2 virus, has resulted in the death
of over 328,000 persons worldwide in 2020 (at the time of
acceptance of this article on 21 May 2020) (1). For the vast
majority of infectious diseases, the implementation of a
worldwide efficacious vaccination program would normally
lead to their eradication. However, this outcome is daunt-
ingly distant for COVID-19, as well as challenged by newly
evolving mutations in the virus and the possible acquisition
of only temporary immunity. Similarly, novel antiviral drug
design, even when optimized for intervention against well-
researched molecular pathways, is likely to face a prolonged
path to approval. A common, readily available, and inex-
pensive treatment is needed.

Drug repurposing, coupled with strategic assessments
of molecular mechanisms and targets, is one approach by
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which both containment and mitigation of this current
global outbreak could be advanced. This tactic suggested
several preexisting clinically approved drugs for treating
COVID-19 that are currently being prescribed “off-label” or
are subjects of clinical trials. Lipid enveloped viruses, such
as SARS-CoV-2, enter cells by membrane fusion subsequent
to acquisition by cell surface receptors. Given the localiza-
tion of the host cell receptor for SARS-CoV-2 [angiotensin-
converting enzyme 2 (ACE2)] to lipid-enriched membrane
microdomains and the lipid-regulating activity of candi-
date COVID-19 therapeutics, it is surprising that, to date,
the role of lipids has not been extensively investigated.
Here, we describe a lipid-based strategy of antiviral drug
repurposing, whereby we propose interventions in lysosomal
lipid homeostasis as a treatment for COVID-19. In particu-
lar, we will emphasize the immense potential of targeting
the lipid regulator defective in Niemann-Pick type C (NP-C)
disease, a rare lysosomal lipid storage disorder.

THE IMPACT OF LIPIDS IN SARS-CoV-2 INFECTION
AND REPLICATION

Insight into the life cycles of the majority of infec-
tious agents is remarkably sophisticated, often informed
by knowledge about the specific organism or one closely
related. SARS-CoV-2 is a single-stranded RNA virus that
is suspected to originate from bats and/or Malayan pan-
golins in exotic wildlife markets in China (2). The nu-
cleotide sequence of SARS-CoV-2 is 82% identical to
that of SARS-CoV-1, a well-studied human coronavirus
that was the cause of the severe acute respiratory syn-
drome epidemic of 2003 (3, 4). Similar to SARS-CoV-1,
the S protein of SARS-CoV-2 binds to the host cell recep-
tor, ACE2 (5). In brief, upon binding ACE2, the type 11
transmembrane serine host cell protease, TMPRSS2,
cleaves (“primes”) the S protein at the S1/S2 and S2’
sites, enabling viral fusion and nucleocapsid entry into
the cytoplasm (Fig. 1, “early entry”) (5). Alternatively,
SARS-CoV-2 is endocytosed in a clathrin- and/or caveolae-
dependent manner (6, 7) and then proteolytically cleaved
in the late endosome/lysosome (LE/L). This pH-dependent
process is facilitated by cysteine proteases, likely cathep-
sin B or L, allowing for viral nucleocapsid release into
the cytoplasm (5, 8) (Fig. 1, “late viral entry”). Subse-
quently, the virus hijacks host-cells for the formation of
the replication and transcription complex, which asso-
ciates with autophagosome-like intracellular membrane
proliferations, such as double membrane vesicles (DMVs)
(9, 10). As a consequence, the viral genomic RNA is rep-
licated, and subgenomic RNA is transcribed and trans-
lated into structural and accessory proteins at the ER,
before being transported to the ER-Golgi intermediate
compartment for virion assembly. Assembled virions
pass through the Golgi and then bud into vesicles be-
fore exiting the cell at the plasma membrane (PM) via
exocytosis (10-15). The entry, replication, assembly,
and release of the coronavirus are dependent on host
factors, in which membrane lipids play a key role.

We propose that lipid homeostasis presents a viral Achil-
les heel that could be exploited to combat both current
and future pandemics.

NPC1 FUNCTIONS AS A LIPID REGULATOR AND
FILOVIRUS RECEPTOR

NP-C disease is a rare (~500 cases worldwide) and invari-
ably fatal genetic disorder whereby lipid accumulation in
the LE/L impairs organelle function leading to a cascade
of visceral and neurodegenerative symptoms including de-
mentia. Mutations in the NPC1 gene, encoding a 13 trans-
membrane domain protein that traverses the limiting
membrane of the LE/L, account for 95% of NP-C cases.
The remainder of cases are due to mutations in the NPC2
gene encoding a lysosomal lumenal protein (16). NPCI is
comprised of numerous functional domains including: the
N-terminal domain (25-264 amino acids), which binds
cholesterol; the second luminal loop (371-615 amino
acids) where NPC2 binds; a sterol-sensing domain (SSD)
(616-791 amino acids); and lastly, a cysteine-rich domain
(855-1,098 amino acids) (17). Exogenous cholesteryl
ester, in the form of LDLs, binds to the LDLR and is endo-
cytosed into the LE/L, where it is hydrolyzed by acid lipase
to free cholesterol. In normal cells, acquisition of choles-
terol by NPC2 proteins precedes its “hand-off” to the NPC1
protein and its export from the organelle (18, 19). In situ-
ations where NPC protein activity is diminished, the ensu-
ing sequestration of cholesterol and alterations in cellular
lipid homeostasis cause a secondary accumulation of
numerous bioactive lipids including various sphingolipids,
phospholipids, gangliosides, and glycolipids (20). These
disruptions in lipid metabolism promote extensive dysfunc-
tion of the lysosome including changes in pH, calcium/ion
gradient, and lysosomal protease status (21, 22), thereby
potentially deterring an invading virus.

In a startling example of how research into rare dis-
eases can extend into a larger arena, numerous studies
suggest that ablation of the NPC1 pathway with muta-
tions in the NPC1 protein confers resistance and/or
lowers severity of infection in vitro and in vivo to filovi-
rus [e.g., Ebola virus (EBOV)], retrovirus [e.g., human
immunodeficiency virus (HIV)], and togavirus [e.g.,
Chikungunya virus (CHIKV)] (23-26). With respect to
the infection of cells by EBOV, there is a clear requisite
for a physical molecular interaction between the pro-
teolytically activated EBOV glycoprotein (EBOV-GP)
and NPC1 (27, 28). In EBOV infection, the EBOV-GP is
trimmed by cathepsin B/L before binding to NPCI at
the second luminal loop prior to nucleocapsid release
from the LE/L and subsequent viral replication and
exit (27, 29, 30) (Fig. 2). Lipid transport, particularly in
the context of variation in NPCI1, also impacts EBOV
infectivity (31), although the absence of an impact of
NPC2 mutations suggests that it may be a secondary role
for this virus. Similarly, the role of NPC2 in HIV viral
biogenesis contradicts the impact of NPCl mutations
and inhibitors (32).
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Proposed inhibition of SARS-CoV-2 entry/replication by intervention at the NPCI1 pathway. Early entry of SARS-CoV-2 into the host

cell is mediated by the serine protease, TMPRSS2 (green), which proteolytically primes the viral S protein upon binding to ACE2 (dark gray)
at the PM. This releases the virion into the cytoplasm. Alternatively, for late viral entry, SARS-CoV-2 is endocytosed in a clathrin- and/or
caveolin-mediated manner from the PM into the host cell. The cysteine protease, cathepsin (purple), cleaves the viral S protein prior to re-
lease of the viral nucleocapsid from the LE/L into the cytoplasm. The virus hijacks host-cell machinery to form the replication and transcrip-
tion complex (RTC) and DMVs where genomic RNA and subgenomic RNA (red, light gray, black, dark blue) are synthesized. Genomic RNA
is replicated, and structural and accessory proteins are processed at the ER, before viral assembly at the ER-Golgi intermediate compartment
(ERGIC), and bud from the Golgi into vesicles. Finally, the virus is released from the host cell by exocytosis. Under normal conditions, cho-
lesteryl ester in LDL particles (orange) enters the cell by receptor-mediated endocytosis, is hydrolyzed to cholesterol (yellow) in the LE/L
where it binds NPC1 (bright blue) and is transported to other organelles (e.g., PM, ER, ERGIC, Golgi). Inhibiting NPC1 (NPCI inhibitors
or the action of NP-C disease mimetics, solid red line) leads to lipid accumulation in the LE/L and, subsequently, 1) depletion of levels of
cholesterol in the cell, affecting viral binding and priming, 2) impairment of LE/L pH and protease activity, 3) occurrence of dysregulation
at LE/L-ER MCSs, and 4) impairment of endocytosis and exocytosis; overall impeding viral infectivity, replication, assembly, and release

(dotted red line).

HOW DOES A RARE NEURODEGENERATIVE
DISEASE CAUSED BY DEFECTIVE LIPID TRANSPORT
IDENTIFY CANDIDATE COVID-19 TREATMENTS?

With respect to coronavirus infectivity, the localization
of the ACE2 and TMPRSS2 proteins to cholesterol- and
sphingolipid-rich microdomains in the PM is a prerequisite
for efficient viral entry (33). When intracellular cholesterol
movement, for example by inactivation of NPC1, is blocked
at the LE/L, cholesterol levels at the PM and ER are de-
pleted (34-36). Consistently, type I feline coronavirus
(FCoV) infectivity was reduced by treatment with methyl-
B-cyclodextrin, a drug that depletes cell membrane cho-
lesterol, and virion load was restored by cholesterol
supplementation (37). Similarly, inhibiting NPC1 depletes
cholesterol content at cholesterol- and sphingolipid-rich
microdomains, thus possibly disturbing the distribution of
host cell receptors and proteases in the PM, and subse-
quently reducing binding/priming of viral S protein for
SARS-CoV-2 entry. Cholesterol depletion may also hinder
late viral entry because binding to the host cell receptor leads
to endocytosis in a clathrin- and/or caveolae-dependent
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manner, a process that takes place in cholesterol-rich mem-
brane domains (6, 7). Additionally, in late stage entry,
where the S protein of SARS-CoV-2 is primed by cathepsin
B/L in the LE/L, this proteolytic activity is impaired by
cholesterol accumulation due to NPC1 deficiency and
restored upon clearance of the accumulated cholesterol
(38). Cholesterol accumulation due to NPC1 deficiency
also affects the LE/L pH, thus decreasing the efficiency of
cathepsin priming of the viral S protein. It has also been
suggested that cathepsin inhibition itself leads to choles-
terol accumulation (39). Therefore, inhibiting NPC1 en-
ables a multistep blockade of viral entry through the PM or
LE/L into host cells and thus represents an effective means
to inhibit SARS-CoV-2 infectivity.

Inhibition of NPCI may also impact viral replication
and budding. For example, DMVs have cholesterol-
enriched membranes formed from extrusions of the ER,
which are the likely sites where viral replication centers
are assembled (15). The nonstructural proteins of the
virus target the host cell factors to induce intracellular
membrane rearrangement that leads to formation of
DMVs (40). Although the precise mechanism of DMV
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Fig. 2. NPCl, alipid transporter, is also a receptor for filovirus entry and replication. EBOV enters the host cell via macropinocytosis lead-
ing to activation of the EBOV-GP by host cysteine proteases, cathepsin B/L (purple), at the LE/L in a pH-dependent manner. The primed
EBOV-GP binds to the second luminal loop of NPC1 and releases the virion into the cytoplasm. Upon release, the virion is replicated and
transcribed, where viral structural and accessory proteins (black, dark green, light green, gray) are packed into the ER, and released from
the Golgi, where the virus assembles at the PM before release from the cell via exocytosis. Under normal conditions, cholesteryl ester in LDL
particles (orange) enters the cell by receptor-mediated endocytosis, is hydrolyzed to cholesterol (yellow) in the LE/L where it binds NPC1
(bright blue) and is transported to other organelles (e.g., PM, ER, ERGIC, Golgi). NPCl1 inhibitors or NP-C disease mimetics I) deplete levels
of cholesterol in the cell, 2) hinder the interaction between NPCI and the EBOV-GP, 3) impair LE/L pH and protease activity, and 4) impair
endocytosis and exocytosis, hindering viral infectivity, replication, assembly, and release.

formation in a coronavirus-infected cell is not com-
pletely understood, nonvesicular lipid transport via
membrane contact sites (MCSs) is proposed to play a
crucial role in replication of positive strand RNA viruses
(41). As NPCl1 regulates the MCSs between the LE/L
and the ER (42), inhibiting NPC1 reduces cholesterol
supply to DMVs and impairs hepatitis C virus (HCV)
replication (43). Similarly, NPC1 could interfere with
DMV formation for SARS-CoV-2. Finally, the newly as-
sembled and matured virus that buds from the Golgi
undergoes exocytosis from the host cell at cholesterol-
and sphingolipid-rich microdomains (44). Thus, lipid
homeostasis clearly plays a crucial role for DMV forma-
tion and also vesicle membrane formation for both en-
docytosis and exocytosis in coronaviruses (15, 44).

Therefore, inhibition or loss of NPC1, thereby blocking
cholesterol transport from the LE/L, may impair viral
SARS-CoV-2 infectivity at multiple stages including viral en-
try, replication, and exit: /) depletion of lipids at the PM
and ER, particularly from cholesterol- and sphingolipid-
rich microdomains; 2) accumulation of lipids at the LE/L;
3) dysregulation of LE/IL-ER MCSs; and 4) alteration of
endocytosis (entry) and exocytosis (exit); which together
disturb the cellular microenvironment optimum for viral
infectivity and replication (Fig. 1).

REPURPOSING NPCI1 INHIBITORS FOR ANTIVIRAL
TREATMENT

Pharmacological inhibition of NPCI represents a valu-
able much-used tool in the laboratory to mimic the cellular
lipidosis associated with NP-C disease. The cationic amphi-
philic drug UI8666A was initially developed to inhibit cho-
lesterol biosynthesis and subsequently was observed to
induce lipid accumulation in the LE/L (45). More re-
cently, it was determined that U18666A inhibits NPC1 by
binding to the SSD (46); the ability of this drug to disrupt
lysosomal cholesterol homeostasis has prompted numer-
ous investigations into its antiviral properties. The infectiv-
ity of a surprising variety of enveloped viruses, such as
EBOV, influenza A virus (IAV), HCV, CHIKV, Zika virus
(ZIKV), Dengue virus (DENV), West Nile virus (WNV),
and HIV (25, 26, 46-48), was strikingly compromised by
U18666A treatment. Interestingly, the antiviral activity of
U18666A against EBOV is not a simple competition for a
shared ligand binding site because the EBOV-GP binds to
the second luminal loop of NPCI and not to the SSD (46).
With respect to coronaviruses, U18666A strongly inhibited
S protein-driven entry of SARS-CoV-1, Middle East respira-
tory syndrome-related coronavirus (MERS-CoV), and FCoV
(49, 50). The antiviral activity of U18666A against FCoV
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has been extensively characterized in vitro and in vivo. In
an in vitro study, Takano etal. (49) elegantly demonstrated
that NPCI plays an important role in FCoV infectivity. An-
tiviral activity was achieved with U18666A treatment and
subsequently reversed with vorinostat, a histone deacety-
lase inhibitor that increases NPC1 expression and rescues
lipid accumulation in vitro (51, 52). This result was then
translated in vivo in FCoV-infected cats where severity of
infection was suppressed relative to control, albeit the sam-
ple size was small (53).

The precise antiviral mechanism of UI8666A remains to
be determined although the most parsimonious explana-
tion would reflect its general impact on sterol homeostasis.
The concentration of UI8666A required for antiviral activ-
ity can suggest insight into whether the antiviral activity is
due to a primary effect of lipid accumulation or a second-
ary effect of lysosomal dysfunction caused by lipid accu-
mulation. Relevant to the current pandemic, UI8666A
reduced entry of the SARS-CoV-1 S protein by 80% com-
pared with control, at a concentration that induced lipid
accumulation without increasing LE/L pH (50, 54). In
contrast, a concentration known to increase LE/L pH was
required to inhibit IAV (50, 55). Additionally, entry of the
viral S protein of four types of human coronavirus was sig-
nificantly inhibited by another pharmacological agent
(clomiphene) that induces lipid accumulation without in-
creasing LE/L pH (50, 56), suggesting that coronavirus
entry may be highly dependent on host cell cholesterol
transport.

We propose to repurpose clinically approved therapeu-
tics that inhibit NPC1 and/or perturb lipid homeostasis in
a similar fashion to U18666A (which did not receive regula-
tory approval). Antiviral activity has been shown for several
readily available drugs that inhibit NPC1 and are com-
monly used as antidepressant, anti-inflammatory, antican-
cer, or antifungal agents. These drugs have the shared
ability to bind NPC1 at the SSD (46, 57-60) (Table 1).

Imipramine, a cationic amphiphile and an approved tri-
cyclic antidepressant, inhibits the NPC pathway, induces
lysosomal lipid accumulation, and elicits antiviral activity
against several single-stranded RNA viruses. Infectivity of
ZIKV, DENV, WNV, CHIKYV, and EBOV was reduced upon
imipramine treatment in human cell lines (24, 26). Given
the promising antiviral activity of U18666A and imipra-
mine against EBOV in vitro, Herbert et al. (24) replicated
these results in vivo in an EBOV mouse model where both
imipramine and U18666A significantly reduced viral repli-
cation in the liver, spleen, and serum; however, there were
only moderate increases in survival in imipramine-treated
mice. Imipramine has further been reported to inhibit
TPC2, a two-pore channel protein required for SARS-
CoV-2 entry via endocytosis (61, 62). Similar to imipra-
mine, cepharanthine has been shown to inhibit TPC2 (63).
Cepharanthine, a known NPCI inhibitor, is an isoquino-
line-containing cationic amphiphile and an approved anti-
inflammatory and anticancer therapy that has also shown
antiviral activity (58). Cepharanthine exhibited complete
inhibition of HIV and most notably the pangolin coronavi-
rus, which has high sequence similarity to SARS-CoV-2,
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while additionally sharing the same host cell receptor
(ACE2) (2, 64, 65). Cepharanthine was identified to have
antiviral activity against SARS-CoV-2 in vitro (66).

Further, the triazoles itraconazole and posaconazole in-
hibit NPCI and are approved antifungals that elicit antivi-
ral activity against numerous viruses in vitro [e.g., IAV,
DENYV, ZIKV, yellow fever virus, parechovirus A3, enterovi-
rus (EV), and HCV] including type I FCoV (59, 67-72).
Promisingly, itraconazole-treated mice infected with IAV
decreased viral load in the lungs and tracheae, and im-
proved survival relative to control (67). Further, an in silico
target-based virtual ligand analysis identified itraconazole
as an inhibitor of SARS-CoV-2 RNA-dependent RNA poly-
merase and thus a possible treatment for SARS-CoV-2; in
vitro and in vivo work is required to test this hypothesis

(73).

REPURPOSING NP-C DISEASE MIMETICS AS
CANDIDATE COVID-19 THERAPEUTICS

Targeting the cascade of metabolic effects that arise
from lipid accumulation (independent of NPCI inhibi-
tion) could also be an effective therapy to treat COVID-19,
given the dependence of SARS-CoV-2 on host lipids and
organelles for infection and replication. Interestingly, sev-
eral clinically approved drugs, including antiviral drugs,
mimic NP-C disease with lipid accumulation in the LE/L
that further disrupts cellular lipid homeostasis (74-79).
These include chloroquine and its derivative, hydroxychlo-
roquine, as well as azithromycin, chlorpromazine, and
amiodarone. Chloroquine was initially approved as an anti-
malarial agent and later approved to treat rheumatoid
arthritis due to its anti-inflammatory properties. This qui-
nolone-containing cationic amphiphile has shown antiviral
activity against numerous viral infections in vitro (e.g.,
CHIKV, ZIKV, EBOV, HCV, HIV, 1AV, EV, SARS-CoV-1,
MERS-CoV, and SARS-CoV-2) (80-84). In a SARS-CoV-1
replication mouse model, chloroquine did not reduce viral
titer in the lung (85). Recent work (non-peer reviewed)
from the same laboratory suggests that chloroquine treat-
ment reduced weight loss and protected against inflamma-
tion in the lungs in a SARS-CoV-1 mouse model (MA15);
however; there was no difference in viral titer in the lungs
(86). In FCoV-infected cats, chloroquine showed a better
clinical outcome relative to control cats, albeit this was
achieved independently of antiviral efficacy and was possi-
bly a consequence of the anti-inflammatory activity of chlo-
roquine (87). Chloroquine is a weak base that increases the
pH of the LE/L, thereby impeding membrane fusion and
function of lysosomal proteases (e.g., cathepsin B/L) re-
quired for viral entry/replication (7). As depicted in Fig. 3,
chloroquine treatment produces a comparable accumula-
tion of cholesterol to that observed in NPCl-deficient cells.
In SARS-CoV-1 infection, chloroquine interferes with the
glycosylation of ACE2, which negatively affects receptor bind-
ing and thus viral entry (81). Hydroxychloroquine, a less
toxic derivative of chloroquine, has the same antiviral prop-
erties as chloroquine; both compounds inhibited pre- and



TABLE 1. Candidate anti-SARS-CoV-2 therapeutics based on NPCI inhibition and NP-C disease mimetic mechanisms
Generic Name Clinical Contraindications/
(CAS Number) Brand Name Side Effects Conventional Use Drug Mechanism Antiviral Activity References
NPC1 inhibitors
U18666A" U18666A Not applicable Laboratory use Inhibits NPC1 EBOV, IAV, HCV, (25-28, 46-50,
(3039-71-2) CHIRY, ZIKV, 53)
DENV, WNV,
HIV, SARS-
CoV-1, MERS-
CoV, type 1
FCoV
Imipramine” Tofranil, Mood disorders, nausea, Antidepressant Inhibits NPC1, EBOV, CHIKV, (24, 26, 60, 61)
(50-49-7) Janimine,  angle-closure glaucoma inhibits TPC2 ZIKV, DENV,
Melipramine WNV
Cepharanthine” Cepharantin Well tolerated Anti-inflammatory, Inhibits NPC1, HIV, Pangolin (58, 63-66,
(481-49-2) anticancer inhibits TPC2 coronavirus 117)
Itraconazole Onmel, Heart failure, QT Antifungal Inhibits NPC1 TAV, DENV, (57, 67-73)
(84625-61-6) Sporanox, prolongation PeV-A3, EV,
Tolsura HCV, type 1
FCoV
Posaconazole Noxafil, Heart failure, QT Antifungal Inhibits NPC1 TAV, DENV, ZIKV, (59, 67, 69-72)
(171228-49-2) Posanol prolongation YFV, PeV-A3,
EV, HCV, type I
FCoV
NP-C disease mimetics
Chloroquine"’b Aralen Heart failure, QT Antimalarial Lipid accumulation CHIKYV, ZIKYV, (74, 80, 81,
(54-05-7) prolongation in the LE/L, EBOV, HCV, 83-87, 118)
increases pH HIV, IAV, EV,
SARS-CoV-1,
MERS-CoV,
SARS-CoV-2
Hydroxychloroquine""' Plaquenil Heart failure, QT Antimalarial Lipid accumulation HIV, SARS-CoV-1, (79, 80, 82)
(118-42-3) prolongation in the LE/L, SARS-CoV-2
increases pH
Azithromycin b Zithromax, Heart failure, QT Antibacterial Lipid accumulation ZIKV, RV (75, 90, 91)
(83905-01-5) Sumamed prolongation, liver in the LE/L,
dysfunction increases pH
Chlorpromazine Sonazine, Dementia in older Antipsychotic, Lipid accumulation SARS-CoV-1, (6, 76, 84,
hydrochloride” Chloractil patients, mood antidepressant in the LE/L, MERS-CoV, 86, 93-98)
(69-09-0) disorders inhibits clathrin- WNV, IV,
mediated HPEV-1,
endocytosis JEV, HPyV-2
Haloperidol® Haldol, Dementia in older Antipsychotic, Lipid accumulation (78)
(52-86-8) Aloperidin  patients, mood disorders antiemetic in the LE/L
Amiodarone” Cordarone Lung, liver damage, Antiarrhythmic  Lipid accumulation SARS-CoV-1, (77,100-102)
(1951-25-3) arrhythmia in the LE/L, EBOV, HCV
alters late
compartments
of the endocytic
pathway

Approved drugs that inhibit NPC1 or mimic NP-C disease that have previously shown antiviral activity. Drug specifications from https://
pubchem.ncbi.nlm.nih.gov/. Contraindications and side effects are from Medline https://medlineplus.gov/drugreactions.html. Parechovirus
A3 (PeV-A3); yellow fever virus (YFV); rhinovirus (RV); influenza virus (IV); human parechovirus 1 (HPEV-1); Japanese encephalitis virus (JEV);

human polyomavirus 2 (HPyV-2).
“Cationic amphiphile.
"Currently in COVID-19 clinical trial.

post-entry steps in SARS-CoV-2 infection in cell culture (82,
83, 88). In a large retrospective study (1,376 COVID-19
patients), no benefit was identified in hydroxychloroquine-
treated patients; however, treated patients were more
severely ill at baseline than the control group (89). Azithro-
mycin, a cationic amphiphile and an approved antibacte-
rial, also leads to an increase in lysosomal pH and an
accumulation of lipids. Azithromycin has previously shown
antiviral activity in vitro against the ZIKV and rhinovirus
(90, 91), and has been tested in combination with hydroxy-
chloroquine in COVID-19 patients with inconclusive results

(92). Approval of the use of these compounds awaits
randomized controlled clinical trials. Nevertheless, these
drugs have been used to treat severely ill patients in the
early months of the 2019/2020 pandemic (92).
Chlorpromazine hydrochloride (chlorpromazine), a cat-
ionic amphiphile approved as an antipsychotic and anti-
depressant, inhibited infectivity in vitro of SARS-CoV-1,
MERS-CoV, WNV, influenza virus, human parechovirus 1,
Japanese encephalitis virus, and human polyomavirus 2
by specifically inhibiting the formation of clathrin-coated
pits required for clathrin-dependent endocytosis at the PM
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Healthy patient

NP-C patient Control

Filipin

U18666A

Chloroquine

Progesterone

Fig. 3. Representative cationic amphiphile drugs inhibit intracellular transport of cholesterol and mimic NP-C disease. Healthy patient
fibroblasts were treated overnight with either the NPC1 inhibitor U18666A (5 uM) or NP-C disease mimetics chloroquine (10 uM) or pro-
gesterone (10 wM) and stained with filipin to visualize unesterified cholesterol. Images were obtained using a laser scanning spectral confo-
cal microscope (Leica TCS SP-2). In all cases, U18666A, chloroquine, and progesterone phenocopy the biochemical hallmark of lysosomal
cholesterol accumulation in NP-C patient fibroblasts. Cholesterol accumulation impairs lysosomal function, which may mediate the antiviral

activity of the interventions discussed in this review.

(6, 84, 93-98). It is suspected that SARS-CoV-2 may un-
dergo clathrin-dependent endocytosis upon entry into the
host cell. Having identified chlorpromazine as a hit in an
earlier in vitro drug library screen against SARS-CoV-1 and
MERS-CoV (98), Weston et al. (86) (non-peer reviewed)
then tested its antiviral activity in SARS-CoV-2, where chlor-
promazine inhibited SARS-CoV-2 entry. These promising
in vitro results were translated when chlorpromazine-
treated mice showed reduced weight loss and reduced
signs of SARS-CoV-1 infection relative to control; however,
there was no difference in viral titer in the lungs (86).

Haloperidol, a cationic amphiphile and approved
antipsychotic and antiemetic drug, was identified as a
candidate antiviral therapy against SARS-CoV-2 (99).
Haloperidol may hinder viral entry and replication by
inhibiting cholesterol trafficking from the LE/L (78).
Lastly, amiodarone, a cationic amphiphile and antiarrhyth-
mic, has been observed to inhibit infectivity of SARS-
CoV-1, EBOV, and HCV in vitro (100-102) and, in the
case of SARS-CoV-1, prevent transit of the virus through
the endosomal pathway.

GENETIC PROCLIVITY TO VIRAL INFECTION AND
DISEASE PROGRESSION

In addition to the anticipated preponderance of CO-
VID-19 disease in the aged, there are clear and unexplained
gender and ethnic biases to disease severity. In the context
of any human infection, multiple factors impact the clini-
cal outcome of a disease including comorbidities, the
pathogen genome, and the genome of the host. Heterozy-
gote advantage, whereby carriers of polymorphisms at a
locus with two alleles have a higher fitness than either ho-
mozygote has been advanced as a mechanism by which
deleterious genetic variants are maintained in human pop-
ulations. The most established example of this balancing
selection arises in hemoglobinopathies where carriers of
sickle cell anemia or thalassemia exhibit resistance to Plas-
modium falciparum and thus malaria (103). At the biochemi-
cal level, this likely reflects accelerated phagocytosis of
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infected sickled or thalassemic cells. Given the role of
NPCI1 and the lysosome in an abundance of viral life cycles,
including EBOV and coronaviruses, we propose that het-
erozygous genetic variation at NPCI or indeed any of the
approximately 50 loci that in the homozygous state cause a
lysosomal storage disorder, may account for divergent clin-
ical outcomes and prognosis for enveloped viruses, includ-
ing SARS-CoV-2.

An important animal experiment provided proof of
concept to this premise. Homozygous recessive (N;bclf/f)
and, importantly, N;bcf/ ~ (heterozygous) mice were resis-
tant to viral infection and protected from EBOV disease
(24). Similarly, naturally occurring variants in human NPC1
were observed to impair EBOV infectivity in vitro (31). Hu-
man NPCI carriers (heterozygotes) are generally healthy
and may even be relatively resistant to atherosclerosis
(104). Nevertheless, gene dosage was observed to quanti-
tatively impact lipid homeostasis in fibroblasts (105, 106).
Whether persons with half-normal levels of the NPC1 pro-
tein (i.e., heterozygotes) have altered susceptibility to
SARS-CoV-2 remains to be determined.

Intriguingly, for unknown reasons, males appear to be
more susceptible to COVID-19 than females, a pattern pre-
viously observed in SARS-CoV-1 and MERS-CoV (107-110).
Progesterone, a female sex hormone and an approved con-
traceptive, inhibits lysosome acidification and the release
of cholesterol from the lysosome, thereby phenocopying
NP-C disease (Fig. 3) (111). Could this contribute to the
greater burden of disease in males than females? In mice
infected with IAV, progesterone-treated mice displayed
limited inflammation and aided pulmonary repair; how-
ever, treatment did not increase resistance or inhibit viral
replication (112). In contrast, progesterone increases the
risk of HIV and herpes simplex virus 2 by enhancing viral
replication (113); therefore, progesterone functions differ-
ently depending on the viral family. Interestingly, the ma-
jority (87%) of pregnant COVID-19-positive women at the
time of delivery, when progesterone levels are high, were
asymptomatic (114). We hypothesize that in COVID-19,
progesterone may function in a protective manner: this hy-
pothesis should be further investigated.



CONCLUSIONS

Rapid and efficacious repurposing of any of the estab-
lished globally prescribed therapeutics that are also NPC1
inhibitors or NP-C disease mimetics has the potential to
contribute to global relief from the health, human, and
economic consequences of this pandemic, while the march
toward an effective vaccine proceeds. We envisage that
these candidates could be administered in three dosages:
1) a prophylactic dosage to provide a competitive edge for
the immune system upon initial infection, 2) a mitigating
dosage to permit immune response while keeping the dis-
ease at bay, and 3) a curative dosage to enable timely treat-
ment of significantly infected patients. If variants of
SARS-CoV-2 develop, or if acquired immunity proves to be
temporary, prophylaxis and treatment will become more
important considering the time required for vaccine devel-
opment. Additionally, NP-C disease studies might uncover
more loosely connected compounds that can be valuable
to investigate in preparation for the future viral pandemics
undoubtedly to come.

Insight and understanding of NP-C disease has enabled us
to deduce a set of compounds to intervene in COVID-19 and
explain the potential of these drugs on a mechanistic level. It
is no surprise that many of the drugs proposed here have ap-
peared as hits in SARS-CoV-2 antiviral drug screening drag-
nets. Interestingly, many of these drugs (Table 1) are cationic
amphiphilic and lysosomotropic drugs that disrupt the nor-
mal functions of the LE/L and induce lipid accumulation.
The detection of low serum cholesterol levels in COVID-19
patients (115) may be in agreement with our hypothesis that
SARS-CoV-2 hijacks host cholesterol, but this requires further
investigation of lipid profiles pre- and postinfection. Given
the role of the NPCl-dependent LE/L lipid pathway in coro-
navirus infections, we urge that the known mechanistic infor-
mation on NPC1 be utilized within the context of COVID-19
and associated candidate therapeutics. Symptoms associated
with homozygosity at these loci are unlikely to arise from use
of the NPC1 inhibitors and mimetics discussed here, based
on the previous use of these compounds for decades and the
short treatment time to overcome infection. Although the
compounds are well tolerated, they are not without side ef-
fects in some individuals (Table 1) and should not be admin-
istered in the absence of a clinical trial. The range of studies
described here implicate pharmacological reductions in
NPCI, and thus lysosomal function, as an achievable, appro-
priate, and safe target for antivirals, both for the current and
forthcoming pandemics.HE

The authors thank Paul Atkinson for comments on earlier
versions of this article. During the review of this article, Ballout
etal. (116) also reviewed the connections between NP-C disease
and COVID-19.
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