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TMPRSS2: Transmembrane serine protease 2

ADAML17: Disintegrin and metallopeptidase domain-containing protein 17, also known as TACE

for Tumor necrosis factor (TNF)-alpha converting enzyme
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COVID-19: Coronavirus disease; previously known as nCoV19 (“2019 novel coronavirus”)

SARS-CoV-2: Severe acute respiratory syndrome-related coronavirus 2
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LSD: Lysosomal storage disease

ROS: Reactive oxygen species

7-KC: 7-ketocholesterol
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SP-A: Surfactant protein-A
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In the face of the newly emergent COVID-19 pandemic, researchers around the world are
racing to identify efficacious drugs capable of preventing or treating its infection. They are doing
that by testing already available and approved antimicrobials for their rapid repurposing against
COVID-19. Using the data emerging on the comparable efficacy of various compounds having
different mechanisms of action and indications, | suggest in this report, their potential
mechanistic convergence. Specifically, I highlight the lysosome as a key possible therapeutic
target for COVID-19, proposing one of the lysosomal storage disorders, Niemann-Pick type C
disease (NPC), as a prototypical condition with inherent resistance or an “unfavorable” host cell
environment for viral propagation. The included reasoning evolves from previously generated
data in NPC, along with the emerging data on COVID-19. The aim of this report is to suggest
that pharmacological induction of a “transient” NPC-like lysosomal dysfunction, could hold

answers for targeting the ongoing COVID-19 pandemic.

Keywords: Coronavirus, SARS-CoV-2, lysosomal storage diseases, lipid rafts, cholesterol,

angiotensin-converting enzyme-2 (ACE2), cathepsins.

What is known about SARS-CoV-2
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SARS-CoV-2, the newly emergent coronavirus implicated in the current COVID-19
pandemic, was first discovered in Wuhan city in China, in late November 2019 [1]. Following its
identification, SARS-CoV-2 was found to have around 80% sequence homology with SARS-
CoV, another member of the coronaviridae family that was responsible for the SARS epidemic
in 2002-2003 [2, 3]. Since then, SARS-CoV-2 has been treated as being “similar” to SARS-CoV
at the molecular level, and underlying infectivity process. Specifically, SARS-CoV-2 carries the
same spike (S) protein in its envelope, as SARS-CoV virus, which mediates viral binding and
subsequent entry into host cells [1, 3]. The S protein mediates viral binding to the angiotensin-
converting enzyme 2 (ACE2) receptor [4], a transmembrane protein that is particularly abundant
in the plasma membrane of type Il pneumocytes [5, 6]. Upon binding ACE2, SARS-CoV-2
undergoes internalization and trafficking into the endosomes and eventually, the lysosomes,

which constitute key intracellular players in viral uncoating and fusion [7-10].

However, after binding to ACE2 and prior to internalization, the S protein is subject to
enzymatic modification by the transmembrane serine protease 2 (TMPRSS2), a membrane
protein residing in the vicinity of ACE2 [11, 12]. Specifically, TMPRSS2 induces a cleavage-
mediated conformational changes in the S protein, as well as in ACE2, which allows the host cell

membrane to invaginate, which is a crucial step in initiating viral endocytosis [11].

The S protein is then subject to a series of enzymatic cleavages and modifications by
cathepsin L, and to a lesser degree by cathepsin B, lysosomal cysteine proteases encountering the
virus in the endo-lysosomes. This steps is key for viral membrane fusion and subsequent release
of its RNA genome into host cytoplasm [10, 13, 14]. In fact, the latter step has been shown to be
highly pH-dependent, with fusion only occurring after reaching highly acidic compartments (i.e.,

the lysosomes), which possess the highest cathepsin L activity [8]. This has been further
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supported by the observation that the use of various lysomotropic agents, inhibit successful
infection by interfering with lysosomal processing of viral membrane proteins necessary for

fusion [9].

Thus, it is reasonable at this point to speculate that, disrupting the binding of the S protein
to ACEZ2, or preventing its subsequent cleavage by cathepsin L intracellularly [15], potentially
constitute two key targets for therapeutic intervention against COVID-19. However, what if there
actually is a “real” physiological model that combines both cellular characteristics, as well as
possesses many other “qualities” that grant its bearer “intrinsic resistance”, or at least “reduced
susceptibility”, to COVID-19? This will be discussed in this report, in which | postulate that
patients with lysosomal storage disorders, specifically those with Niemann-Pick type C disease
(NPC), likely constitute “unfavorable hosts” for SARS-CoV-2, owing to their unique deleterious
intracellular biochemical characteristics, which paradoxically grants them reduced susceptibility

to the virus.

Perturbations in ACE2 and ADAM17 in NPC

The ACEZ2 protein has been previously shown to reside mainly within the cholesterol-
enriched microdomains of the plasma membrane, known as lipid rafts [16]. These domains are
easily perturbed by processes that affect the synthesis and/or trafficking of their predominant
lipid constituents, namely cholesterol and sphingomyelin [16]. Interestingly, the intracellular
trafficking of both, cholesterol and sphingomyelin, is disrupted in NPC [17, 18]. NPC is an
autosomal recessive lysosome storage disorder caused by a defect in the NPC1 or NPC2 proteins

(90% and 4%, respectively), leading to the entrapment and accumulation of cholesterol and
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sphingolipids within the lysosomes [19]. Consequently, the partitioning of certain proteins to
lipid rafts, and their retention of function, have been shown to be affected in NPC, as a result of
the disease-related abnormal enrichment of cholesterol within these rafts [20]. In fact, Takeuchi
et al. have successfully demonstrated cholesterol-enrichment of the plasma membrane in NPC
cells, which has been further implicated in disrupting the internalization and trafficking of
proteins residing within these domains [20]. As such, it could be argued that since ACE2 is a
raft-resident membrane protein, its internalization, which is necessary for SARS-CoV-2 entry
into the endo-lysosomal system, would be impaired in NPC. Indeed, this has been previously
suggested, albeit indirectly, by Glende et al., who showed that cyclodextrin-induced disruptions
of lipid rafts, abolish the binding of SARS-CoV to ACEZ2, reducing infectivity by around 50%
[16]. Thus, since SARS-CoV-2 employs a similar infection mechanism as SARS-CoV, it is also
likely that alterations in the composition of lipid rafts, specifically those that render them less
“fluid”, as occurs in NPC, impair or markedly reduce infectivity. In fact, it is worth mentioning
here that, while SARS-CoV does not require a functional NPC1 protein for establishing
infectivity, in the same way that a functional NPC1 protein is essential for successful Ebola viral
infection [21], trafficking of SARS-CoV to the NPC1-positive sub-compartments of the endo-
lysosomal system has been shown to be crucial for successful viral infection [8]. Similarly,
SARS-CoV-2 would also be expected to require entry into NPC1-positive compartments, prior to

establishing infection [8].

Intriguingly, the same cells that highly express ACE2, and are targeted by SARS-CoV-2
(i.e., type Il alveolar cells) [4, 6], rely heavily on the functionality of the NPC1 and NPC2
proteins, which play a key role in modulating the lipid composition of the primary extracellular

product of these cells i.e., pulmonary surfactant [22]. NPC1-deficient type Il alveolar cells have
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been shown to contain enlarged lipid-rich lamellar bodies within their cytoplasm, with their
secreted surfactant being particularly abundant in cholesterol and phospholipids, and markedly
enriched in surfactant protein A (SP-A), a key endogenous antimicrobial peptide [23, 24]. Thus,
the elevated SP-A content of pulmonary surfactant in NPC constitutes yet another barrier against

the attachment of SARS-CoV-2 to the type Il pneumocytes.

Furthermore, the previously mentioned TMPRSS?2 is also predominantly a raft-resident
protein, with some reports highlighting it as playing a potentially more important role in viral
entry into host cell, compared with cathepsins [25]. Interestingly however, ADAM
metallopeptidase domain 17 (ADAM17), also known as TACE (tumor necrosis factor-o-
converting enzyme), is another plasma membrane protein that has been found to compete with
TMPRSS2 on inducing shedding of the ACE2 protein, with only the TMPRSS2-mediated
modification of ACE2 facilitating viral entry, while ADAM17-mediated shedding appeared to
preclude entry of viral particles [26]. Both membrane proteases, TMPRSS2 and ADAM17,
partition mainly into the detergent-resistant membrane domains i.e., lipid rafts [27, 28]. While no
formal evaluation of TMPRSS2 expression or activity levels has been made in NPC, plasma
membrane levels of ADAML17 have been suggested to be increased in NPC cells [29-31]. As a
result, it may be argued that the increased levels of ADAM17 in NPC cells grants them further
“protection” against coronavirus infection, by increasing ACE2 shedding, and opposing the

TMPRSS2-mediated enzymatic processing necessary for viral entry.

Abnormal intracellular localization and disrupted activity of Cathepsins in NPC


https://doi.org/10.20944/preprints202003.0340.v1
https://doi.org/10.1096/fj.202000654R

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 March 2020

Besides their previously described deficiency in cholesterol egress from the lysosomes to
the plasma membrane, NPC cells have been shown to have an abnormal distribution, and
consequently, reduced activities, of several lysosomal enzymes, including cathepsins L and B
[32-35]. Specifically, the NPC-related accumulation of various substrates within the lysosomes
has been shown to disrupt lysosomal membrane integrity, resulting in the leakage of many
lysosomal enzymes, including cathepsins L and B into the cytosol [32, 33]. Moreover, the
substrates accumulating within the lysosome of NPC cells have also been reported to alter the
intra-lysosomal pH, which inadvertently affects the activity of the remaining enzymes, while
simultaneously hindering the entry of newly synthesized lysosomal enzymes, such as cathepsins,
into the lysosome [32-35]. Thus, here too, it can be argued that the NPC-induced reduction in
activity of cathepsins B and L, and their abnormal extra-lysosomal displacement, pose “barriers”

against proper processing of the S protein, which is required for successful fusion.

The oxysterols that accumulate in NPC possess potent antiviral activities

Among the various oxysterols that accumulate in NPC, two are worth highlighing in the
context of COVID-19. These include 7-ketocholesterol (7KC) and 25-hydroxycholesterol (25-
HC) [36], both of which have been shown to possess potent antiviral activities [37-40]. Increased
intracellular 25-HC levels have been shown to reduce infectivity by several members of the
coronaviridae, filoviridae (e.g. Ebola virus), and flaviviridae families, including the Zika and
hepatitis C viruses [37-40]. In contrast, elevated intracellular 7-KC levels interfere with viral
maturation and subsequent budding and release from host cells [41]. Nonetheless, the precise
mechanisms underlying the antiviral activity of these oxysterols remain unknown. However, they

appear to be partly mediated by their induction of increased reactive oxygen species (ROS)
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production in neutrophils, which is relevant to bacterial killing [42], as well as inducing
perturbations in intracellular cholesterol trafficking, and preventing viral entry, intracellular

transport, and subsequent fusion [39, 43].

Making the link between COVID-19 and the lysosomes based on the demonstrated

preliminary efficacy of tested drugs

Several approved drugs are currently undergoing repurposed testing for efficacy against
COVID-19, with the intention of rapidly bringing “efficacious” ones to treat affected patients

(https://www.nature.com/articles/d41587-020-00003-1).

Among the various drugs undergoing testing, the Chinese government appears to endorse
Choloroquine, and its derivatives, the most, based on preliminary clinical trial data [44, 45]. In
fact, chloroquine and its derivatives, are undergoing testing in over 10 different clinical trials to
evaluate their efficacy in treating active COVID-19 infection (ChiCTR2000029935,
ChiCTR2000029898 etc.) [46]. Additionally, a phase Il trial is currently investigating the use
of hdroxychloroguine for prophylaxis against COVID-19 infection, in at-risk healthcare workers
(NCTO04303507). However, just as anyone else involved in lysosomal storage diseases, | had to
pause and ask myself how, an anti-malarial agent such as chloroquine, could demonstrate
efficacy against a viral pathogen like SARS-CoV-2. Nonetheless, anyone in the lysosomal
storage disease community has directly worked with, or at least heard of the use of, chloroguine
in in vitro studies of LSDs, given its ability to inhibit lysosomal fusion with endosomes, as well
as inhibiting the activity of its enzymes [47-49]. In fact, this is the very mechanism of action that

is believed to underlie chloroquine’s anti-malarial activity; it is suggested that after its entry into
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cells, chloroquine becomes protonated and entrapped within the lysosomes, with its
accumulation preventing lysosomal fusion with the “food vacuoles” (i.e., phagosomes) of
Plasmodium trophoizoites, which impairs the activity of the resident heme polymerase [50, 51].
However, because of its propensity to concentrate within intracellular acidic organelles,
chloroquine also enters into the host cell lysosomes, where it can induce similar aberrations in
lysosomal function, primarily by elevating lysosomal pH and inducing partial lysosomal
membrane permeabilization [51, 52]. These conditions are all “intrinsic” to NPC, as previously
discussed, which suggests that chloroquine’s demonstrated efficacy against SARS-CoV-2 may
indeed be due to chloroquine’s ability to induce NPC-like lysosomal abnormalities that interfere
with intracellular viral transport and fusion. In agreement with this hypothesis, chloroquine has
been previously shown to exert antiviral activity against several caliciviridae through exerting
similar inhibitory effect on cathepsin L activity, compared with cathepsin L-specific inhibitors
[53], as well as impairing the trimming of the N-glycosylated chain of ACE2, the receptor
involved in SARS-CoV and SARS-CoV-2 docking on the host cell membrane [54]. Interestingly,
N-glycosylation has been shown to be altered in NPC [55], which further suggests a chloroquine-
like “protective” effect of the altered modification of N-glycosylation of ACE2 observed in NPC,
against SARS-CoV-2 infection. In fact, the results of an open-label trial conducted in France (EU
CTR 2020-000890-25) and posted on March 20", 2020 on medrxiv [56], have gained remarkable
attention shortly afterwards, not only from the media, but also from the office of the president of
the United States. The study reported a statistically significant difference in the rates of clearance
of the SARS-CoV-2 virus from nasal swabs of patients with COVID-19 receiving a combination
of hydroxychloroquine, a chloroquine-derivative, and azithromycin, a macrolide antibiotic,

compared with those receiving neither [56]. Thus, it is imperative at this point to discuss the
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lysomotropic activity of azithromycin, the add-on therapy combined with hydroxychloroquine in
that trial. Interestingly, just like chloroquine, azithromycin has also been shown to accumulate
intracellularly within the lysosomes, increasing their luminal pH, and thereby negatively
impacting the activity of its resident enzymes [57]. In fact, a combination of both drugs has
previously been shown to demonstrate synergy with regards to increasing intra-lysosomal pH
[57]. Moreover, chronic azithromycin treatment in patients with cystic fibrosis has been shown
to increase susceptibility to mycobacterial infection, which usually relies heavily on adequate
phagocytosis and containment of the bacteria in phagosomes [58]. Specifically, azithromycin has
been shown to block the acidification of the phagosomes containing mycobacteria, allowing the
latter to escape the phagosome and multiply uncontrollably [58]. However, unlike mycobacteria,
which require intact lysosomal function for containment of the infection [59, 60], SARS-CoV-2,
as discussed earlier, relies on an intact lysosomal function for complete entry and fusion. Thus, it
is reasonable to expect that azithromycin would show efficacy against COVID-19, through a
similar mechanism to chloroquine — that is, disrupting the function of lysosomal proteases.
Furthermore, azithromycin’s tropism towards lysosomes has been shown to induce an
accumulation of neutral lipids, namely free cholesterol and various phospholipids, predominantly
within the lysosomes [61, 62]. Thus, it is clear from these findings that azithromycin induces an
intracellular status that phenocopies NPC, which most likely accounts for its demonstrated potent
antiviral activity, despite being an antibiotic with the primary function of inhibiting prokaryotic

ribosomes [63].

Another promising drug demonstrating preliminary efficacy against COVID-19 is
remdesivir (NCT04292899), an adenosine analogue originally developed for Ebola [44, 64].

However, following its testing against Ebola viral infections, remdesivir was also found to

11
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possess marked efficacy against a member of the coronaviridae family, a feline coronavirus in
particular i.e., feline infectious peritonitis type | (FCoV-I) [65]. In addition, remdesivir has also
been found to have moderate efficacy against COVID-19-related coronaviridae, the middle east
respiratory coronavirus (MERS-CoV) and SARS-CoV [66, 67], including bat coronaviruses [67],
as well as other human RNA viruses [68]. However, infection by FCov-I, the coronavirus species
that appeared to respond the most to remdesivir, was shown to be abolished by pre-treating host
cells with U18666A, a pharmacological agent that induces a cellular NPC phenotype with
lysosomal accumulation of cholesterol and impaired trafficking [69, 70], suggesting a possible
mechanistic convergence or synergy between NPCL1 inhibition and remdesivir, besides the
latter’s primary mechanism of inhibiting viral RNA-dependent RNA polymerase [71]. Moreover,
various adenosine analogs, including those used as antivirals or antineoplastic agents, have been
shown to possess adenosine receptor-binding activities, particularly the ribose-modified types
[72], which demonstrate differential affinities to the A1 and A2a adenosine receptors [73, 74].
The reason for highlighting this is that, A2a receptor stimulation has been shown to rescue the
cholesterol entrapment seen in NPC, with that effect being abolished by A2a antagonism [75].
Thus, although no data exists to date on whether remdesivir can bind any of the adenosine
receptors, it is worth entertaining the possibility that due to its structural similarity to adenosine,
remdesivir could also act as an A2a receptor antagonist, thereby inducing a transient NPC-like
cellular state. In fact, several adenosine analogs have been shown to inhibit lysosomal activity in
neutrophils [76], further supporting the need to test a possible lysosomal-inhibitory effects of
remdesivir, which could partly account for its demonstrated antiviral efficacy against COVID-

19.
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A yet another class of drugs expected to show potent antiviral efficacy against COVID-
19 (supplementary file of https://www.nature.com/articles/d41573-020-00016-0), are the triazole
antifungals, namely posaconazole and itraconazole, and their derivatives, based on their
previously demonstrated efficacy against several coronaviraidae, including FCoV-I, human
coronavirus-229E (HCoV-229E), MERS-CoV, and SARS-CoV [77-81]. While triazoles are
known to interfere with ergosterol synthesis, an essential component of fungal cell membranes,
their antiviral activities are mediated by their differential inhibition of viral helicases, which
interferes with viral replication [77, 80]. However, triazole antifungals are also renowned for
their interference with mammalian cell cholesterol trafficking, owing to the latter’s molecular
similarity to ergosterol, as well as inhibition of lysosomal cholesterol efflux, specifically by
interfering with activity of the NPCL1 transporter [82-84]. Thus, besides their possible role in
interfering with viral replication via inhibiting viral helicase, the antiviral activity of triazoles
could also be partly mediated by their interference with lysosomal cholesterol egress and NPC1-
interaction, further supporting the idea of targeting the lysosomes as therapeutic interventions

against the growing COVID-19 pandemic.

Furthermore, another class of drugs that was initially suggested [85], and subsequently
confirmed to be efficacious against SARS-CoV-2

(https://www.biorxiv.org/content/10.1101/2020.02.05.935387v1), is the glycopeptide antibiotics,

such as vancomycin, teicoplanin, or their modified derivatives. These agents have previously
demonstrated efficacy against several members of the coronaviridae family, including FCoV-I,
SARS-CoV and MERS-CoV [86, 87], as well as the Ebola virus [88]. However, since viruses,
unlike bacteria, lack a cell wall that these compounds are known to act on, their antiviral activity

has been shown to result from their intracellular effects on host cells, including direct cathepsin
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L inhibition [87], as well as their concentration in lysosomes and subsequent “overloading” of
these organelles [89, 90]. Additionally, glycopeptide antibiotics have also been shown to induce
increased ROS production within eukaryotic cells, which in the case of viruses however, may not
be relevant [91]. Nonetheless, such findings are fascinating because, not only is there reduced
activity and abnormal localization of cathepsin L in NPC, as previously discussed, but NPC cells
also have increased baseline ROS levels [92]. These combined “natural characteristics” of NPC
cells therefore, grant them an intrinsic glyopeptide-like effect that is likely to hamper viral
infectivity. As a side note, it is worth mentioning that within our NPC community, several
patients receiving glycopeptide antibiotics for hospital-acquired pneumonia primarily, were
found to develop focal pyogenic skin abscesses, whose underlying mechanisms remain to be
investigated (unpublished data). However, since glycopeptide antibiotics are known to
accumulate within, and disrupt the function of lysosomes [89, 90], it is likely that these
compounds further burden the already overloaded lysosomes of NPC-affected phagocytes,

hampering their ability to destroy engulfed debris, resulting in abscess formation [59, 93].

Finally, the finding that lysosomal proteases are key mediators of coronavirus tropism
and infection in bats, the natural reservoirs of the virus [94], is another reason highlighting the
importance of considering the lysosome as a potential target of therapeutic intervention against

COVID-19.

14

do0i:10.20944/preprints202003.0340.v1


https://doi.org/10.20944/preprints202003.0340.v1
https://doi.org/10.1096/fj.202000654R

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 March 2020 d0i:10.20944/preprints202003.0340.v1

References

1. Zhu, N., et al., A Novel Coronavirus from Patients with Pneumonia in China, 2019. N Engl ) Med,
2020.382(8): p. 727-733.

2. Wilder-Smith, A., C.J. Chiew, and V.J. Lee, Can we contain the COVID-19 outbreak with the same
measures as for SARS? Lancet Infect Dis, 2020.

3. Ahmed, S.F., A.A. Quadeer, and M.R. McKay, Preliminary Identification of Potential Vaccine

Targets for the COVID-19 Coronavirus (SARS-CoV-2) Based on SARS-CoV Immunological Studies.
Viruses, 2020. 12(3).

4, Li, W., et al., Angiotensin-converting enzyme 2 is a functional receptor for the SARS coronavirus.
Nature, 2003. 426(6965): p. 450-4.

5. Hamming, |., et al., Tissue distribution of ACE2 protein, the functional receptor for SARS
coronavirus. A first step in understanding SARS pathogenesis. J Pathol, 2004. 203(2): p. 631-7.

6. To, K.F. and A.\W. Lo, Exploring the pathogenesis of severe acute respiratory syndrome (SARS):

the tissue distribution of the coronavirus (SARS-CoV) and its putative receptor, angiotensin-
converting enzyme 2 (ACE2). ) Pathol, 2004. 203(3): p. 740-3.

7. Deshotels, M.R., et al., Angiotensin || mediates angiotensin converting enzyme type 2
internalization and degradation through an angiotensin Il type | receptor-dependent mechanism.
Hypertension, 2014. 64(6): p. 1368-1375.

8. Mingo, R.M,, et al., Ebola virus and severe acute respiratory syndrome coronavirus display late
cell entry kinetics: evidence that transport to NPC1+ endolysosomes is a rate-defining step. )
Virol, 2015. 89(5): p. 2931-43.

9. Wang, H., et al., SARS coronavirus entry into host cells through a novel clathrin- and caveolae-
independent endocytic pathway. Cell Res, 2008. 18(2): p. 290-301.
10. Bosch, B.J., W. Bartelink, and P.J. Rottier, Cathepsin L functionally cleaves the severe acute

respiratory syndrome coronavirus class | fusion protein upstream of rather than adjacent to the
fusion peptide. J Virol, 2008. 82(17): p. 8887-90.

11. Reinke, L.M., et al., Different residues in the SARS-CoV spike protein determine cleavage and
activation by the host cell protease TMPRSS2. PLoS One, 2017. 12(6): p. e0179177.
12. Bertram, S., et al., TMPRSS2 activates the human coronavirus 229E for cathepsin-independent

host cell entry and is expressed in viral target cells in the respiratory epithelium. J Virol, 2013.
87(11): p. 6150-60.

13. Huang, I.C., et al., SARS coronavirus, but not human coronavirus NL63, utilizes cathepsin L to
infect ACE2-expressing cells. ) Biol Chem, 2006. 281(6): p. 3198-203.

14. Simmons, G., et al., Inhibitors of cathepsin L prevent severe acute respiratory syndrome
coronavirus entry. Proc Natl Acad Sci U S A, 2005. 102(33): p. 11876-81.

15. Shah, P.P., et al., A small-molecule oxocarbazate inhibitor of human cathepsin L blocks severe

acute respiratory syndrome and ebola pseudotype virus infection into human embryonic kidney
293T cells. Mol Pharmacol, 2010. 78(2): p. 319-24.

16. Glende, J., et al., Importance of cholesterol-rich membrane microdomains in the interaction of
the S protein of SARS-coronavirus with the cellular receptor angiotensin-converting enzyme 2.
Virology, 2008. 381(2): p. 215-21.

17. Devlin, C., et al., Improvement in lipid and protein trafficking in Niemann-Pick C1 cells by
correction of a secondary enzyme defect. Traffic, 2010. 11(5): p. 601-15.

18. Sun, X., et al., Niemann-Pick C variant detection by altered sphingolipid trafficking and
correlation with mutations within a specific domain of NPC1. Am J Hum Genet, 2001. 68(6): p.
1361-72.

15


https://doi.org/10.20944/preprints202003.0340.v1
https://doi.org/10.1096/fj.202000654R

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 March 2020 d0i:10.20944/preprints202003.0340.v1

19. Patterson, M., Niemann-Pick Disease Type C, in GeneReviews((R)), M.P. Adam, et al., Editors.
1993: Seattle (WA).

20. Takeuchi, S., et al., Elevated Membrane Cholesterol Disrupts Lysosomal Degradation to Induce
beta-Amyloid Accumulation: The Potential Mechanism Underlying Augmentation of beta-
Amyloid Pathology by Type 2 Diabetes Mellitus. Am J Pathol, 2019. 189(2): p. 391-404.

21. Carette, J.E., et al., Ebola virus entry requires the cholesterol transporter Niemann-Pick C1.
Nature, 2011. 477(7364): p. 340-3.

22. Roszell, B.R., et al., Characterization of the Niemann-Pick C pathway in alveolar type Il cells and
lamellar bodies of the lung. Am J Physiol Lung Cell Mol Physiol, 2012. 302(9): p. L919-32.

23. Lawson, P.R. and K.B. Reid, The roles of surfactant proteins A and D in innate immunity. Immunol
Rev, 2000. 173: p. 66-78.

24, Roszell, B.R., et al., Pulmonary abnormalities in animal models due to Niemann-Pick type C1
(NPC1) or C2 (NPC2) disease. PLoS One, 2013. 8(7): p. e67084.

25. Shirato, K., M. Kawase, and S. Matsuyama, Wild-type human coronaviruses prefer cell-surface

TMPRSS2 to endosomal cathepsins for cell entry. Virology, 2018. 517: p. 9-15.

26. Heurich, A., et al., TMPRSS2 and ADAM17 cleave ACE2 differentially and only proteolysis by
TMPRSS2 augments entry driven by the severe acute respiratory syndrome coronavirus spike
protein. J Virol, 2014. 88(2): p. 1293-307.

27. Shulla, A., et al., A transmembrane serine protease is linked to the severe acute respiratory
syndrome coronavirus receptor and activates virus entry. J Vlirol, 2011. 85(2): p. 873-82.

28. Tellier, E., et al., The shedding activity of ADAM17 is sequestered in lipid rafts. Exp Cell Res, 2006.
312(20): p. 3969-80.

29. Jelinek, D., et al., The Niemann-Pick C1 and caveolin-1 proteins interact to modulate efflux of low
density lipoprotein-derived cholesterol from late endocytic compartments. ) Mol Biochem, 2014.
3(1): p. 14-26.

30. Moreno-Caceres, J., et al., Caveolin-1 is required for TGF-beta-induced transactivation of the EGF

receptor pathway in hepatocytes through the activation of the metalloprotease TACE/ADAM17.
Cell Death Dis, 2014. 5: p. e1326.

31. Yang, H., Y. Wang, and S. Kar, Effects of cholesterol transport inhibitor U18666A on APP
metabolism in rat primary astrocytes. Glia, 2017. 65(11): p. 1728-1743.

32. Cermak, S., et al., Loss of Cathepsin B and L Leads to Lysosomal Dysfunction, NPC-Like
Cholesterol Sequestration and Accumulation of the Key Alzheimer's Proteins. PLoS One, 2016.
11(11): p. e0167428.

33. Chung, C,, et al., Genetic and pharmacological evidence implicates cathepsins in Niemann-Pick C
cerebellar degeneration. Hum Mol Genet, 2016. 25(7): p. 1434-46.

34, Folts, C.J., et al., Lysosomal Re-acidification Prevents Lysosphingolipid-Induced Lysosomal
Impairment and Cellular Toxicity. PLoS Biol, 2016. 14(12): p. e1002583.

35. Kornfeld, S., Trafficking of lysosomal enzymes in normal and disease states. ) Clin Invest, 1986.
77(1): p. 1-6.

36. Porter, F.D., et al., Cholesterol oxidation products are sensitive and specific blood-based
biomarkers for Niemann-Pick C1 disease. Sci Transl Med, 2010. 2(56): p. 56ra81.

37. Chen, Y., et al., Interferon-inducible cholesterol-25-hydroxylase inhibits hepatitis C virus
replication via distinct mechanisms. Sci Rep, 2014. 4: p. 7242.

38. Li, C., et al., 25-Hydroxycholesterol Protects Host against Zika Virus Infection and Its Associated

Microcephaly in a Mouse Model. Immunity, 2017. 46(3): p. 446-456.
39. Liu, S.Y., et al., Interferon-inducible cholesterol-25-hydroxylase broadly inhibits viral entry by
production of 25-hydroxycholesterol. Immunity, 2013. 38(1): p. 92-105.

16


https://doi.org/10.20944/preprints202003.0340.v1
https://doi.org/10.1096/fj.202000654R

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 March 2020 d0i:10.20944/preprints202003.0340.v1

40. Zhang, Y., et al., Cholesterol 25-hydroxylase negatively regulates porcine intestinal coronavirus
replication by the production of 25-hydroxycholesterol. Vet Microbiol, 2019. 231: p. 129-138.

41. Willard, K.A., et al., The Oxysterol 7-Ketocholesterol Reduces Zika Virus Titers in Vero Cells and
Human Neurons. Viruses, 2018. 11(1).

42. Alba, G., et al., 7-Keto-cholesterol and 25-hydroxy-1 cholesterol rapidly enhance ROS production
in human neutrophils. Eur J Nutr, 2016. 55(8): p. 2485-2492.

43, Civra, A., et al., Inhibition of pathogenic non-enveloped viruses by 25-hydroxycholesterol and 27-
hydroxycholesterol. Sci Rep, 2014. 4: p. 7487.
44, Wang, M., et al., Remdesivir and chloroquine effectively inhibit the recently emerged novel

coronavirus (2019-nCoV) in vitro. Cell Res, 2020. 30(3): p. 269-271.

45, Gao, J., Z. Tian, and X. Yang, Breakthrough: Chloroquine phosphate has shown apparent efficacy
in treatment of COVID-19 associated pneumonia in clinical studies. Biosci Trends, 2020. 14(1): p.
72-73.

46. Touret, F. and X. de Lamballerie, Of chloroquine and COVID-19. Antiviral Res, 2020. 177: p.
104762.

47. Chen, P.M., Z.J. Gombart, and J.W. Chen, Chloroquine treatment of ARPE-19 cells leads to
lysosome dilation and intracellular lipid accumulation: possible implications of lysosomal
dysfunction in macular degeneration. Cell Biosci, 2011. 1(1): p. 10.

48. Gonzalez-Noriega, A., et al., Chloroquine inhibits lysosomal enzyme pinocytosis and enhances
lysosomal enzyme secretion by impairing receptor recycling. ) Cell Biol, 1980. 85(3): p. 839-52.

49, Mauthe, M., et al., Chloroquine inhibits autophagic flux by decreasing autophagosome-lysosome
fusion. Autophagy, 2018. 14(8): p. 1435-1455.

50. Slater, A.F., Chloroquine: mechanism of drug action and resistance in Plasmodium falciparum.
Pharmacol Ther, 1993. 57(2-3): p. 203-35.

51. Homewood, C.A,, et al., Lysosomes, pH and the anti-malarial action of chloroquine. Nature,
1972. 235(5332): p. 50-2.

52. Ashoor, R,, et al., The contribution of lysosomotropism to autophagy perturbation. PLoS One,
2013. 8(11): p. e82481.

53. Shivanna, V., Y. Kim, and K.O. Chang, Endosomal acidification and cathepsin L activity is required
for calicivirus replication. Virology, 2014. 464-465: p. 287-295.

54, Vincent, M.J., et al., Chloroquine is a potent inhibitor of SARS coronavirus infection and spread.

Virol J, 2005. 2: p. 69.

55. Kosicek, M., et al., N-glycome of the Lysosomal Glycocalyx is Altered in Niemann-Pick Type C
Disease (NPC) Model Cells. Mol Cell Proteomics, 2018. 17(4): p. 631-642.

56. Gautret, P., et al., Hydroxychloroquine and Azithromycin as a treatment of COVID-19:
preliminary results of an open-label non-randomized clinical trial. medRxiv, 2020: p.
2020.03.16.20037135.

57. Nujic, K., et al., Impairment of lysosomal functions by azithromycin and chloroquine contributes
to anti-inflammatory phenotype. Cell Imnmunol, 2012. 279(1): p. 78-86.

58. Renna, M., et al., Azithromycin blocks autophagy and may predispose cystic fibrosis patients to
mycobacterial infection. J Clin Invest, 2011. 121(9): p. 3554-63.

59. Fineran, P., et al., Pathogenic mycobacteria achieve cellular persistence by inhibiting the
Niemann-Pick Type C disease cellular pathway. Wellcome Open Res, 2016. 1: p. 18.

60. Koo, I.C,, et al., Role for lysosomal enzyme beta-hexosaminidase in the control of mycobacteria
infection. Proc Natl Acad Sci U S A, 2008. 105(2): p. 710-5.

61. Liu, Y., et al., One man's poison is another man's meat: using azithromycin-induced

phospholipidosis to promote ocular surface health. Toxicology, 2014. 320: p. 1-5.

17


https://doi.org/10.20944/preprints202003.0340.v1
https://doi.org/10.1096/fj.202000654R

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 March 2020 d0i:10.20944/preprints202003.0340.v1

62. Liu, Y., et al., Effect of azithromycin on lipid accumulation in immortalized human meibomian
gland epithelial cells. JAMA Ophthalmol, 2014. 132(2): p. 226-8.
63. Parnham, M.J., et al., Azithromycin: mechanisms of action and their relevance for clinical

applications. Pharmacol Ther, 2014. 143(2): p. 225-45.

64. Warren, T.K., et al., Therapeutic efficacy of the small molecule GS-5734 against Ebola virus in
rhesus monkeys. Nature, 2016. 531(7594): p. 381-5.

65. Pedersen, N.C., et al., Efficacy and safety of the nucleoside analog GS-441524 for treatment of
cats with naturally occurring feline infectious peritonitis. J Feline Med Surg, 2019. 21(4): p. 271-
281.

66. de Wit, E., et al., Prophylactic and therapeutic remdesivir (GS-5734) treatment in the rhesus
macaque model of MERS-CoV infection. Proceedings of the National Academy of Sciences, 2020:
p. 201922083.

67. Sheahan, T.P., et al., Broad-spectrum antiviral GS-5734 inhibits both epidemic and zoonotic
coronaviruses. Sci Transl Med, 2017. 9(396).

68. Lo, M.K., et al., GS-5734 and its parent nucleoside analog inhibit Filo-, Pneumo-, and
Paramyxoviruses. Sci Rep, 2017. 7: p. 43395.

69. Takano, T., et al., The cholesterol transport inhibitor U18666A inhibits type | feline coronavirus
infection. Antiviral Res, 2017. 145: p. 96-102.

70. Doki, T., et al., In Vivo Antiviral Effects of U18666A Against Type | Feline Infectious Peritonitis
Virus. Pathogens, 2020. 9(1).

71. Tchesnokov, E.P., et al., Mechanism of Inhibition of Ebola Virus RNA-Dependent RNA Polymerase
by Remdesivir. Viruses, 2019. 11(4).

72. Taylor, M.D., et al., Ribose-modified adenosine analogues as adenosine receptor agonists. J Med
Chem, 1986. 29(3): p. 346-53.

73. Jensen, K., et al., Cytotoxic purine nucleoside analogues bind to A1, A2A, and A3 adenosine
receptors. Naunyn Schmiedebergs Arch Pharmacol, 2012. 385(5): p. 519-25.

74. Janag, B., et al., Different effects of adenosine A1 agonist ribavirin on amphetamine-induced
total locomotor and stereotypic activities in rats. Ann N Y Acad Sci, 2005. 1048: p. 396-9.

75. Visentin, S., et al., The stimulation of adenosine A2A receptors ameliorates the pathological
phenotype of fibroblasts from Niemann-Pick type C patients. ) Neurosci, 2013. 33(39): p. 15388-
93.

76. Schrier, D.J. and K.M. Imre, The effects of adenosine agonists on human neutrophil function. )

Immunol, 1986. 137(10): p. 3284-9.

77. Adedeji, A.O., et al., Evaluation of SSYA10-001 as a replication inhibitor of severe acute
respiratory syndrome, mouse hepatitis, and Middle East respiratory syndrome coronaviruses.
Antimicrob Agents Chemother, 2014. 58(8): p. 4894-8.

78. Karypidou, K., et al., Synthesis, biological evaluation and molecular modeling of a novel series of
fused 1,2,3-triazoles as potential anti-coronavirus agents. Bioorg Med Chem Lett, 2018. 28(21):
p. 3472-3476.

79. Takano, T., et al., Antiviral activity of itraconazole against type | feline coronavirus infection. Vet

Res, 2019. 50(1): p. 5.

80. Zaher, N.H., M.l. Mostafa, and A.Y. Altaher, Design, synthesis and molecular docking of novel
triazole derivatives as potential CoV helicase inhibitors. Acta Pharm, 2020. 70(2): p. 145-159.

81. Wu, C,, et al., Analysis of therapeutic targets for SARS-CoV-2 and discovery of potential drugs by
computational methods. Acta Pharmaceutica Sinica B, 2020.

82. Trinh, M.N., et al., Triazoles inhibit cholesterol export from lysosomes by binding to NPC1. Proc
Natl Acad Sci U S A, 2017. 114(1): p. 89-94.

18


https://doi.org/10.20944/preprints202003.0340.v1
https://doi.org/10.1096/fj.202000654R

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 March 2020 d0i:10.20944/preprints202003.0340.v1

83. Long, T., et al., Structural basis for itraconazole-mediated NPC1 inhibition. Nat Commun, 2020.
11(1): p. 152.

84. Takano, T., Y. Wakayama, and T. Doki, Endocytic Pathway of Feline Coronavirus for Cell Entry:
Differences in Serotype-Dependent Viral Entry Pathway. Pathogens, 2019. 8(4).

85. Baron, S.A., et al., Teicoplanin: an alternative drug for the treatment of coronavirus COVID-19?
International Journal of Antimicrobial Agents, 2020: p. 105944.

86. Balzarini, J., et al., Inhibition of feline (FIPV) and human (SARS) coronavirus by semisynthetic
derivatives of glycopeptide antibiotics. Antiviral Res, 2006. 72(1): p. 20-33.

87. Zhou, N., et al., Glycopeptide Antibiotics Potently Inhibit Cathepsin L in the Late
Endosome/Lysosome and Block the Entry of Ebola Virus, Middle East Respiratory Syndrome
Coronavirus (MERS-CoV), and Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV). J Biol
Chem, 2016. 291(17): p. 9218-32.

88. Wang, Y., et al., Teicoplanin inhibits Ebola pseudovirus infection in cell culture. Antiviral Res,
2016.125: p. 1-7.
89. Barcia-Macay, M., et al., Cellular pharmacokinetics of telavancin, a novel lipoglycopeptide

antibiotic, and analysis of lysosomal changes in cultured eukaryotic cells (J774 mouse
macrophages and rat embryonic fibroblasts). J Antimicrob Chemother, 2008. 61(6): p. 1288-94.

90. Beauchamp, D., et al., Subcellular localization of tobramycin and vancomycin given alone and in
combination in proximal tubular cells, determined by immunogold labeling. Antimicrob Agents
Chemother, 1992. 36(10): p. 2204-10.

91. Yano, T., et al., Vancomycin induced renal tubular cell injury by reactive oxygen species
generation and mitochondrial dysfunction. The FASEB Journal, 2015. 29(1_supplement): p.
777.1.

92. Fu, R., et al., Oxidative stress in Niemann-Pick disease, type C. Mol Genet Metab, 2010. 101(2-3):
p. 214-8.

93. Berg, R.D., et al., Lysosomal Disorders Drive Susceptibility to Tuberculosis by Compromising
Macrophage Migration. Cell, 2016. 165(1): p. 139-152.

94, Zheng, Y., et al., Lysosomal Proteases Are a Determinant of Coronavirus Tropism. ) Virol, 2018.
92(24).

19


https://doi.org/10.20944/preprints202003.0340.v1
https://doi.org/10.1096/fj.202000654R

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 March 2020 d0i:10.20944/preprints202003.0340.v1

Figure 1. An illustration of SARS-CoV-2 entry into healthy (i.e., wildtype) versus NPC1-
deficient cell. In healthy cells, SARS-CoV-2 binds via its Spike (S) protein to host cell ACE2.
The latter complex is further modified by TMPRSS2, followed by endocytosis of the ACE2-
bound viral particle. Within the host cytoplasm, the endosome carrying the virus fuses with a
mature cathepsin L-containing lysosome, which activates viral membrane proteins, allowing for
viral fusion (left image). In contrast, in NPC1-deficient cells, following its S protein-mediated
binding to ACE2, SARS-CoV-2 entry into the cell is jeopardized at several points: 1- ACE2 is
“tethered” within the cholesterol-enriched plasma membrane of NPC cells, which hinders
membrane invagination; 2- Increased levels of ADAM17 within the plasma membrane of NPC
cells competes with TMPRSS2 on differently cleaving the S protein-ACE2 complex; 3- If
successfully endocytosed, the viral particles within the endosome fail to undergo necessary
enzymatic cleavages by cathepsin L, due to the reduced activity, and cytosolic leakage of the
latter enzyme from the NPC1-defective, cholesterol-laden lysosomes of NPC cells. These factors
combined, reduce the likelihood of successful viral entry, transport and subsequent fusion,

thereby reducing the likelihood of a successful infection (right image).
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