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Abstract: The recent novel coronavirus (SARS-CoV-2) disease (COVID-19) outbreak created a severe
public health burden worldwide. Unfortunately, the SARS-CoV-2 variant is still spreading at an
unprecedented speed in many countries and regions. There is still a lack of effective treatment for
moderate and severe COVID-19 patients, due to a lack of understanding of the SARS-CoV-2 life
cycle. Lysosomes, which act as “garbage disposals” for nearly all types of eukaryotic cells, were
shown in numerous studies to support SARS-CoV-2 replication. Lysosome-associated pathways are
required for virus entry and exit during replication. In this review, we summarize experimental
evidence demonstrating a correlation between lysosomal function and SARS-CoV-2 replication, and
the development of lysosomal perturbation drugs as anti-SARS-CoV-2 agents.
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1. Introduction

Coronaviruses (CoVs), a highly diverse family of enveloped positive-sense single-
stranded RNA viruses, belong to the subfamily Orthocoronavirinae within the family Coron-
aviridae. Four genera are found within the subfamily Orthocoronavirinae, namely Alphacoron-
avirus, Betacoronavirus (CoV), Gammacoronavirus, and Deltacoronavirus. FCoVs exclusively
infect mammalian species, leading mainly to respiratory and enteric illnesses that can be
deadly [1,2]. Notably, BCoV species that can cause severe, life-threatening respiratory
illnesses in humans include Severe acute respiratory syndrome coronavirus (SARS-CoV), Middle
East respiratory syndrome coronavirus (MERS-CoV), and Severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) [3]. To date, no prophylactic or therapeutic treatment is approved
to prevent the severe illness and permanent lung damage caused by these fCoV species
once the infection progresses beyond the early infection stage [4,5].

SARS-CoV-2, a member of the BCoV SARS phylogenetic cluster, is the pathogen
responsible for causing the “coronavirus disease of 2019” (COVID-19) pandemic. This pan-
demic continues to pose insurmountable challenges to healthcare systems and healthcare
professionals globally, while both the disease itself and local and national restrictions to con-
tain the pandemic continue to directly and indirectly unleash social, health, and economic
devastation on humankind. To prevent and treat this disease, more effective vaccines,
drugs, and other tools are urgently needed; however, whether the use of such tools will
finally put an end to COVID-19 is still debated [6,7]. On the one hand, although vaccination
is underway in some countries, SARS-CoV-2 mutations and the incomplete protection af-
forded by vaccines (even against the unmutated virus) led to vaccine hesitancy that allowed
the virus to adapt and continue to spread and cause illness. On the other hand, the United
States Food and Drug Administration (FDA) approved several neutralizing antibodies,
such as bamlanivimab, etesevimab, casirivimab, and imdevimab, for the treatment of hospi-
talized COVID-19 patients [8]. However, their extensive usage was limited by the complex
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intravenous administration route required, and high cost [9]. Notably, the FDA authorized
Merck’s molnupiravir and Pfizer’s Paxlovid for the treatment of COVID-19 [10-12]. Mol-
nupiravir, a biological prodrug of NHC (b-D-N(4)-hydroxycytidine), is a novel nucleoside
analogue with a broad-spectrum antiviral activity against SARS-CoV-2 [13]. In clinical trials,
molnupiravir showed beneficial effects for mild to moderate COVID-19 patients [13,14].
Paxlovid is a combination of two oral drugs: nirmatrelvir and ritonavir [15]. The FDA
authorized the emergency use of Paxlovid for the treatment of mild-to-moderate COVID-19
in adults and children (12 years of age and older weighing at least 88 pounds) with a
positive test for the virus that causes COVID-19, and who are at high risk for progression
to severe COVID-19, including hospitalization or death [11,15]. However, as with any
medication, Paxlovid and molnupiravir still have risks of more serious side effects [10-12].
Molnupiravir should not be taken if patients are pregnant, and Paxlovid has important
safety risks for patients with transplants or kidney disease [9,11,14,16,17]. In addition, most
of the approved therapeutic options, including neutralizing antibodies and oral drugs
for COVID-19, are still mainly targeted at patients with mild disease, and prevent mild
disease from turning into severe disease; however, there is still a lack of effective treatment
for moderate and severe COVID-19 patients, which is an urgent problem to be solved
clinically [9,18]. In the meantime, researchers demonstrated that the SARS-CoV-2 infection
process comprised a series of steps that could be targeted to inhibit infection [19]. Neverthe-
less, even though several potential and promising therapeutic targets are identified to date,
post-exposure antiviral therapies still need to be repeatedly optimized and upgraded to
apply to people of different ages, as well as to make inexpensive, broad-spectrum anti-novel
coronavirus drugs with low toxicity available.

Understanding the life cycle of SARS-CoV-2 will greatly facilitate future discoveries to
guide the design of new therapeutics to treat COVID-19 [3]. Toward this goal, a series of
SARS-CoV-2 studies uncovered mechanistic details of 3CoV entry and replication processes
in host cells. Briefly, a fCoV particle can enter a cell only after it binds to a specific cell
receptor, and the subsequent fusion of viral and host cell membranes of endosomes deliver
the viral genome to the cytoplasm, where it directs virus genome replication and protein
synthesis prior to virion assembly. During the assembly of new virions, a portion of the
endoplasmic reticulum (ER) membrane is appropriated by the virus to serve as a lipid
envelope. This lipid membrane is subsequently populated with viral transmembrane
proteins to package the viral genome and associated nucleocapsid proteins. However,
the process by which newly assembled virions leave host cells is still unclear. The latest
research shows that CoVs exit cells by hijacking a lysosome-based pathway instead of a
known biosynthetic secretory pathway commonly used by other enveloped viruses [20].
This finding is critically important, as it potentially opens up new therapeutic avenues
to target lysosomotropic molecules toward inhibiting lysosomal function as a strategy to
block BCoVs infection and slow virus spread.

2. Role of Lysosomes in SARS-CoV-2 Replication

Lysosomes, which were discovered by de Duve in the 1950s, are subcellular organelles
found in nearly all types of eukaryotic cells that perform core degradative and metabolic cel-
lular functions [21-23]. Lysosomes form via a budding process that pinches off membrane
vesicles from the trans-Golgi network, a region of the Golgi complex responsible for sorting
newly synthesized proteins [24,25]. This process generates single membrane-enclosed,
spherical, dynamic, and heterogeneous organelles that vary in position, morphology, size,
and contents of enzymes and substrates [13]. Importantly, lysosomes contain an acidic
environment that is maintained within a low pH range of 4.5-5.5 via proton pump activ-
ity [26,27]. This low-pH environment supports activities of various hydrolytic enzymes,
such as proteases, nucleases, and phosphatases that catalyze hydrolysis reactions to digest
macromolecules such as proteins, nucleic acids, lipids, and carbohydrates. In addition,
lysosomal fusion with endosomes or phagosomes leads to lysosomal digestion of endosome-
derived small molecules and cell surface proteins or phagosome-derived large particles,
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such as apoptotic cell corpses and pathogenic bacteria. Furthermore, lysosomes participate
in the autophagy of cytoplasmic contents, including damaged mitochondria, ER mem-
branes, and lysosomes [28]. Lysosomes are also able to release their contents extracellularly
through lysosomal exocytosis [29]. Lysosomes traffic towards the proximity of the plasma
membrane (PM) along microtubules, and the lysosomal membrane and PM fuse together
via a Ca?*-dependent process [30]. Lysosome exocytosis was shown to be important for PM
wound repair by providing the additional membrane. Lysosomal secretion is commonly
observed for lysosome-related organelles which exist in some specialized cell types [26,31].
In addition, the secretion of lysosomal content with regular lysosomes into extracellular
space was shown in many physiological and pathological conditions [32,33].

Notably, lysosomes play key roles in host antiviral defenses through virus degra-
dation and modulating the metabolic turnover of proteins related to immune response-
associated biological signal pathways [34,35]. For example, core lysosomal proteins of
human monocytic leukemia cells, including galactosidase beta 1, cathepsin A, cathepsin B,
hexosaminidase subunit alpha, and hexosaminidase subunit beta, were shown to play key
functional roles in cell resistance to vesicular stomatitis virus infection, an illness caused by
an RNA virus [36]. As another example, Fernandez de Castro et al. reported that infection
with reovirus, a nonenveloped RNA virus, triggered an increase in lysosomal number and
size, while also increasing lysosomal pH from ~4.5-5 to ~6.1 [37]. This work revealed
that viral proteins are recruited to reovirus inclusions to assist in the assembly of viral
components to form virions. However, before the initiation of virion assembly, modified
lysosomes move toward the reovirus inclusions. Mature virions are found inside lysosomes
as they are assembled and released for egress via lysosomal exocytosis, thus demonstrating
that reovirus replication is a lysosome-dependent process [37]. Taken together, these and
the results of other studies suggest that lysosomes may have complex (positive or negative)
roles in the infection and replication processes associated with numerous viruses.

CoVs are enveloped viruses that contain the largest known viral RNA genome, which
ranges in size from 26 to 32 kilobases (kb) [38]. The SARS-CoV-2 genome size is ~29.9 kb
and shares approximately 82% sequence identity with the genome sequences of SARS-CoV
and MERS-CoV, and 96.3% sequence identity with the bat CoV RaTG13 genome sequence.
Comparisons of predicted protein sequences of essential enzymes and structural proteins
of these viruses indicate they possess >90% identity, as determined using whole-genome se-
quence alignments [38,39]. Importantly, SARS-CoV-2, SARS-CoV, and MERS-CoV genomes
resemble one another in that each possesses a 5’ end m7G cap structure, m7GpppA1l, and
a 3'-end ~30-60-nt-long (47-nt median length) poly-A tail that together maintain viral
genome stability and prevent cellular exoribonuclease digestion. Moreover, each genome
is packaged in association with viral nucleocapsid (N) proteins within a large ribonucle-
oprotein complex that is enclosed by an envelope membrane containing viral spike (S),
envelope (E), and membrane (M) proteins. The initial steps of SARS-CoV-2 infection involve
specific binding of S protein to the cellular entry receptor, namely angiotensin-converting
enzyme 2 (ACE2) [40]. After initial binding of the virus to cell-surface ACE2, SARS-CoV-2
S protein is cleaved by cell-surface serine protease TMPRSS2 and cathepsin L (CTS L) to
form two distinct protein fragments (S1 and S2), which are essential for S1/5S2 priming,
which triggers virus entry into cells via an endosome-dependent mechanism [41-43]. S1 is
composed of an N-terminal domain, which is involved in sugar bindings, and a C-terminal
domain capable of recognizing human ACE2. S2 contains the putative fusion peptide, the
heptad repeats (HR1 and HR2), and is involved in the viral membrane fusion. S1 binds
to ACE2 of the host cell during the virus entry, and S2 fuses, allowing the genomes to
enter the host cells [44]. During the early stages of SARS-CoV-2 infection, endocytosis
is followed by endosome-lysosome fusion that enables the release of SARS-CoV-2 viral
RNA into the host cell cytoplasm. Indeed, different lysosomal protease activities associ-
ated with different host species were found to determine host species tropisms of various
CoVs, since endosomal-lysosomal fusion is required for initiation of a complex program
of viral gene expression that is highly regulated in space and time [45]. This program
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begins with initiation of the SARS-CoV-2 genomic replication that leads to synthesis of
full-length negative-sense genomic copies that function as templates for a generation of new
positive-sense copies of viral genomic RNA. In turn, these newly synthesized positive-sense
genomes either: (1) engage in protein translation that generates viral nonstructural (NSP)
and accessory proteins; (2) serve as replication-transcription complexes; or (3) are packaged
to form new virions [3]. Open reading frames (ORFs) encoding viral structural proteins
are located within the 3’-end one-third of SARS-CoV-2 genomes, while ORFs encoding
accessory proteins are interspersed between these ORFs. Importantly, CoVs structural
proteins participate in virion assembly and membrane budding of new virions that enable
virions to leave the endoplasmic reticulum (ER) and enter the Golgi compartment. After
virions enter the Golgi compartment, they can exit the cell via exocytosis to perpetuate
virus transmission. Notably, recent evidence shows that SARS-CoV-2 virions preferentially
exit infected cells using the lysosomal trafficking pathway after normal lysosomal pathway
functions, such as lysosomal acidification, lysosomal enzyme activity, and antigen presenta-
tion, were disrupted by viral activities [20]. Taken together, results of these and numerous
other studies suggest that SARS-CoV-2 replication steps, especially virus entry, virus RNA
release into the cytoplasm of the cell, and progeny virus release from infected cells, are
closely tied to lysosomal dysfunction (Figure 1).

SARS-CoV-2

Normal lysasome

Figure 1. SARS-CoV-2 replication is dependent on a lysosome-based pathway. SARS-CoV-2 entry
into the host cells is mediated by the endocytic pathway. The entry of SARS-CoV-2 and mature virus
RNA release into the cytoplasm requires CTSL activity and an acid lysosomal environment. Progeny
viruses exit cells by hijacking a lysosome-based pathway.

3. SARS-CoV-2 Infection Leads to Lysosomal Dysfunction

The main function of lysosomes, to degrade or break down macromolecules, is crit-
ically important for numerous cellular processes in addition to its function as the cell’s
“garbage disposal” [46]. In fact, lysosomes also act as signaling hubs that monitor intracellu-
lar levels of nutrients and energy within larger networking platforms that interconnect mul-
tiple signaling pathways related to signal transduction and autophagy regulation [47,48].
Moreover, lysosomes interact with other intracellular organelles (e.g., mitochondria, ER)
that together maintain cell homeostasis [26,49,50]. Furthermore, these organelles also de-
grade and recycle intracellular and extracellular wastes generated during cell secretion of
substances and PM repair, while also playing important roles in many other physiological
and pathological processes, such as immune responses and tumorigenesis [30,50-52].
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Indeed, for decades CoV's were detected in lysosomes during late stages of infection, al-
though a connection between lysosomes and viral success was only proposed recently [53].
For example, Ghosh et al. recently reported results of a pioneering investigation that re-
vealed a vital role of lysosomes in SARS-CoV-2 release. Briefly, they found that SARS-CoV-2
exploits the small Arf-like Ras family GTPase (ARL8b)-dependent lysosomal exocytosis
pathway for release into the extracellular environment, and that inhibition of Rab7 GTPase,
an enzyme involved in endosomal-lysosomal transport of materials, prevents egress of
SARS-CoV-2 virions from cells that were associated with reduction in lysosomal number
and limited endolysosomal maturation [20]. These results, when considered together
with the established fact that normally the acidic environment within lysosomes helps
destroy viruses and other pathogens before they leave cells, imply that SARS-CoV-2 may
hijack the lysosomal acidification process by somehow promoting lysosomal deacidifica-
tion that significantly weakens activities of lysosomal degradative enzymes and disrupts
lysosome-dependent antigen cross-presentation [20]. Taken together, these clues support
a possible scenario whereby SARS-CoV-2 infection leads to lysosomal dysfunction that
lessens the ability of infected cells to degrade and recycle intracellular and extracellular
materials through autophagy and endocytosis (Figure 2). In turn, virus-induced lysoso-
mal dysfunction interferes with other cellular functions, such as PM repair, the immune
response, signal transduction, pathogen elimination, and so on (Figure 2). As a result,
SARS-CoV-2 virions that exit cells remain intact and ready to infect other cells to begin a
new infection cycle. In addition, deacidification of SARS-CoV-2-hijacked lysosomes may
alter immune system functions to account for observed COVID-19-associated immune
system abnormalities [20,51].

Plasma membrane repair, immune response,
elimination of pathogens and so on
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Figure 2. SARS-CoV-2 infection induces lysosomal dysfunction. SARS-CoV-2 infection leads to
lysosome deacidification and promotes lysosomal exocytosis. SARS-CoV-2-hijacked lysosomes partic-
ipate in the degradation and recycling of intracellular and extracellular material through autophagy
and endocytosis to provide energy and source molecules. Exocytosis of SARS-CoV-2-hijacked lyso-
somes contributes to PM repair, the immune response, pathogen elimination, and progeny virus
release in stores. SARS-CoV-2-hijacked lysosomes sense nutrients and activate metabolic signal trans-
duction.

Lysosomal exocytosis results in the PM localization of lysosomal membrane pro-
teins and also the release of lysosomal contents into the extracellular environment [54,55].
ARLS8D localizes to late endosomes/lysosomes and regulates their movement to the PM
and, ultimately, their exocytosis. During SARS-CoV-2-hijacking lysosome exocytosis, the
multisubunit complex (BORC) recruiting ARL8b (BORC-ARLS8b) complex drives the an-
terograde transport of lysosomes from perinuclear regions to the vicinity of the PM [20].
Fusion of lysosomes with the PM is mediated by the soluble N-ethylmaleimide-sensitive
factor attachment protein receptor (SNARE) complex composed of VAMP7, STX4, and
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SNAP23, and also requires an increase in the intracellular and/or localized Ca?* level.
Chen et al. showed that SARS-CoV-2 infection promoted lysosomal exocytosis (Figure 2)
and revealed a mechanism by which SARS-CoV-2 interacts with host factors to promote its
extracellular egress [43]. Briefly, SARS-CoV-2 NSP (ORF3a) facilitates lysosomal targeting
of the BORC-ARLS8b complex, which mediates the trafficking of lysosomes to the vicinity
of the PM, and exocytosis-related SNARE proteins [56]. The Ca?* channel TRPMLS3 is
required for SARS-CoV-2 ORF3a-mediated lysosomal exocytosis [56]. Ser171 and Trp193
in SARS-CoV-2 ORF3a are critical for promoting lysosomal exocytosis and blocking au-
tophagy [56]. However, further research is needed to shed more light on the role of ORF3a
in the lysosomal exocytosis-mediated egress of SARS-CoV-2.

Lysosomal degradation of materials is tightly regulated by pH and hydrolase activ-
ities. The basal lysosomal pH range of 4.5-5.0 is associated with a buffering capacity of
19 = 6 mM/pH unit [57]. Each lysosome consists of an outer membrane that surrounds
an interior acidic environment. The low internal pH is maintained via proton pumps
acting through multiple types of membrane channels that include chloride channels (e.g.,
CLC-7, CLC-6, CLC-3), calcium channels (e.g., TRPML1), and vacuolar H*-ATPase (V-
ATPase) [58]. Meanwhile, lysosomes contain numerous hydrolases, which are synthesized
within the ER followed by entry into lysosomes via at least two main mechanisms: one
mechanism mainly involves modification of hydrolytic enzymes through the addition of
mannose 6-phosphate receptor (M6PR) residues that are recognized by the Golgi apparatus
then transported to the lysosome; the other mechanism involves transport by lysosomal
integral membrane protein 2 (LIMP-2) of hydrolases such as glucocerebrosidases into
lysosomes [59,60]. Normal lysosomal degradative functions are important for cellular
functions, as dysregulated lysosomal degradation can lead to impaired endocytic function,
autophagic degradation, and macromolecule biogenesis and transport that are associated
with proteinopathic neurodegenerative diseases, metabolic disorders, and immunological
diseases [61-63]. In addition, lysosomal degradation dysfunction can disrupt functions of
other organelles (e.g., mitochondria), leading to increased production of reactive oxygen
species and inflammatory cytokines that can contribute to pathogenesis of inflammatory
diseases, cancer, and infectious diseases [64—66].

Remarkably, host cell fusion with 3CoV particles, which occurs after virions bind to
their respective host cell receptors, is induced by lysosomal hydrolases (e.g., CTSL) that are
sensitive to lysosomal pH [3,43]. After fusion is complete, 3CoV viral particles enter the
endolysosomal intracellular transport system, where the low-pH environment supports
cleavage of viral proteins and subsequent release of viral RNA into the cytoplasm, and viral
exit from cells is due to viral hijacking of a lysosome-based pathway [3,7,30]. Although
SARS-CoV-2 replication depends on altered lysosomal pH and verified roles of host cell
hydrolases, it is still unclear whether lysosomal deacidification of cells is actually caused by
SARS-CoV-2 infection [67]. Alternatively, it was postulated that infected cells may actively
deacidify lysosomes to promote the release of newly generated SARS-CoV-2 from cells as a
mechanism for relieving viral pressure within infected cells [67]. Consequently, researchers
speculate that lysosomal deacidification may be a consequence of the action of specific
SARS-CoV-2 proteins, while other researchers suggest that lysosomal deacidification is
indirectly caused by too much cargo loading and/or disruption of proton pump or ion
channel trafficking functions [67-69]. In short, it is necessary to explore the mechanism
underlying SARS-CoV-2 infection-associated lysosome deacidification in order to devise
strategies to re-acidify lysosomes so they can destroy viruses, inhibit virus egress, and
restore antigen-presenting cell (APC) function [67].

4. Targeting Lysosome-Based Replication of SARS-CoV-2 as a Potential Antiviral
Strategy for Controlling COVID-19 Outbreaks

Cell type and environmental conditions influence lysosomal function and functions of
associated cellular pathways (e.g., autophagy, endocytosis) [69]. In turn, these effects can
trigger pathological effects stemming from lysosome dysfunction-associated gene mutations
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or accumulated proteins that were detected in cells of individuals suffering from lysoso-
mal storage disorders, neurodegeneration, infectious diseases, cancers, and aging [58-63].
Thus, biomaterials research strategies for restoring lysosomal function may potentially
improve human health. In the case of COVID-19, due to the continual creation of new
mutations within SARS-CoV-2 genomes, a worthwhile strategy for designing SARS-CoV-2
antiviral drugs might entail blocking of lysosome-based replication of SARS-CoV-2 instead
of inhibiting activities of specific key viral proteins required for SARS-CoV-2 infection.

Based on the role of lysosomes in SARS-CoV-2 replication, targeting lysosomal hydro-
lase activity, pH, biogenesis, and exocytosis may be prevention strategies for COVID-19.
When considering lysosomes as targets, it is important to note the need for specificity; that
is, agents that will not target all lysosomes, but will specifically target those lysosomal
proteins that are defective in certain organs, tissues, or cells [46]. On the other hand, both
the formation of mature lysosomes and lysosomal exocytosis are complex processes. The
biogenesis of lysosomes involves the fusion of late endosomes that contain material taken
up at the cell surface with transport vesicles that bud from the trans-Golgi network, and
lysosomal exocytosis involves the luminal content of the lysosome in the extracellular
milieu [26,70,71]. Thus, targeting lysosomal formation and exocytosis may lead to unac-
ceptable side effects because of the integral role of lysosomes in several key physiological
processes [58—63]. At present, COVID-19 drug research hotspots focus on modulating
lysosomal hydrolase activity and acidification. The antiviral effects of the compounds
within our manuscript were summarized in Supplementary File S1.

4.1. Using CTSL Inhibitors

CTSL, a member of the lysosomal cysteine protease family, contains an L domain
structure consisting mainly of o-helix and an R domain structure consisting mainly of
[-sheet [72]. The availability of various selective CTSL inhibitors offers opportunities to
both block SARS-CoV-2 entry into human host cells and inhibit viral RNA cytoplasmic
release and the initiation of virus replication [73]. Thus, ready-to-use CTSL inhibitors
should be explored as treatment options for COVID-19. One such inhibitor, amantadine,
a licensed anti-influenza drug, was shown to significantly inhibit CTSL activity after
SARS-CoV-2 pseudovirus infection by suppressing transcription of the CTSL-encoding
gene to prevent SARS-CoV-2 infection both in vitro and in vivo [74-76]. Another CTSL
inhibitor, teicoplanin, is a glycopeptide antibiotic that appears to inhibit SARS-CoV-2 infec-
tion by inhibiting CTSL activity [77], while astaxanthin, a potential immunomodulatory
antioxidant agent, was shown to suppress CTSL activity in both Syrian hamster embryo
cells and muscle cells [5,78,79]. Meanwhile, numerous other potential CTSL inhibitors
were discovered within the FDA-approved drug inventory database that may effectively
block SARS-CoV-2 infection, as summarized in earlier reviews [73,80]. In addition, several
Chinese medicinal extracts that are currently in widespread use for treating patients with
SARS-CoV-2 infections were shown to inhibit CTSL activity, although they have not yet
received US FDA approval. For example, MOL736, also known as aurantiamide acetate
derived from Artemisia annua L. plant, was shown to inhibit CTSL activity, relieve cough,
and reduce sputum production [81]. Moreover, water and ethanol extracts of Drynariae
Rhizoma were also shown to possess significant CTSL inhibitory activities [73,82]. Nev-
ertheless, achieving therapeutically effective and safe CTSL inhibitor blood levels using
various drug administration routes can sometimes be challenging, due to the risk of severe
adverse effects and/or (in this case) undesirable (intrinsic) pharmacological effects. Thus,
although several CTSL inhibitors were shown to interfere with SARS-CoV-2 infection,
further research is needed to shed light on how best to administer these inhibitors in clinical
settings in order to maximize their safety and effectiveness as post-exposure treatments for
SARS-CoV-2 infections.
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4.2. Modulating Lysosomal Acidification

According to accumulated knowledge regarding the relationship between lysosomal
function and SARS-CoV-2 infections, essential requirements for SARS-CoV-2 replication
include (1) CTSL activity, which facilitates initial mature virus entry and RNA release into
the cytoplasm and requires an acid lysosomal environment; and (2) lysosome deacidifica-
tion, which is important for progeny virus release from cells to generate infectious virus to
initiate new rounds of infection. Taken together, these findings suggest that lysosomes have
a complex (positive or negative) role in SARS-CoV-2 infection or replication processes, with
an absence of lysosomal acidification blocking SARS-CoV-2 replication. Thus, modulating
lysosomal acidification or pH using treatments that induce changes in CTSL activity and
lysosomal degradation function may make it possible to block the SARS-CoV-2 infection
cycle (Figure 3).
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Figure 3. SARS-CoV-2 replication can be inhibited by modulating lysosomal pH. (A) Lysoso-
motropic compounds allow for lysosomal localization via receptor-mediated endocytosis. (B) SARS-
CoV-2 infection leads to lysosome deacidification. (C) The antiviral agent for SARS-CoV-2 is a
complex process of lysosomal pH modulation.

Lysosomotropic compounds, which are small molecules that selectively accumu-
late within lysosomes regardless of their chemical nature or mechanism of uptake, are
always associated with intrinsic pharmacological functions [83]. Importantly, several
lysosomotropic molecules with basic pH characteristics are known to increase lysosomal
pH during degradative processes, while those with acidic characteristics are known to
decrease lysosomal pH (Figure 3A) [27]. Therefore, in order to modulate lysosomal pH,
lysosomotropic molecules released by enzymatic cleavage of molecules within the acidic
lysosomal environment should be either bases or acids. More specifically, the pKa of
the released component should exceed the basal lysosomal pH value (4.5-5.0) to elevate
lysosomal pH, or should be less than the basal pH value in order to reduce lysosomal pH.

Lysosomotropic chloroquine (CQ) (pKa values of 4.0, 8.4, and 10.2), an older FDA
approved antimalarial drug, and its better-tolerated analog hydroxychloroquine (HCQ)
(pKa values of 4.0, 8.3, and 9.7), may inhibit SARS-CoV-2 infection by releasing basic
side chains that raise lysosomal pH [84,85]. In fact, CQ/HCQ-induced pH elevation was
shown to suppress SARS-CoV-2 entry and viral RNA release by decreasing CTSL activity,
while also disrupting COVID-19-associated lysosomal autophagic processes by suppressing
lysosomal degradative functions (Figure 3C). Nonetheless, use of CQ for the treatment
of COVID-19 triggered significant debate, especially since the drug is associated with
side effects and exhibits only marginal efficacy [86-88]. Meanwhile, the lysosomotropic-
alkalizing molecules ROC-325 (with a pKa 8.3) may be an alternative lysosome-based drug
repurposing opportunity for COVID-19 treatment [89]. Moreover, other lysosomotropic
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molecules such as Nitazoxanide (pKa 8.3), IITZ-01 (pKas 4.7, 5.4, 11.54, 12.54 13.7, 54.88),
IITZ-02 (pKa 4.75, 5.42, 11.56, 12.65, 14.49), and obatoclax mesylate (pKas 4.68, 13.97) can
elevate lysosomal pH by releasing basic groups, warranting further study for COIVD-19
treatment [27,57,90,91].

With regard to alternative approaches for achieving lysosomal deacidification, the
macrolide antibiotic bafilomycin Al, a lysosomal V-ATPase inhibitor that targets the V-
ATPase ATP6V0C/V0 subunit ¢, inhibits lysosomal acidification by preventing protons from
passing into the lysosomal lumen (Figure 3C) [92]. Meanwhile, another agent that possesses
a lysosome pH-neutralizing function, ammonium chloride (NH4Cl), can also prevent
lysosome acidification [93,94]. In fact, endosomal acidification inhibitors bafilomycin A1l
and NH4CI were shown to exert antiviral effects against SARS-CoV-2 in vitro cell models
and in vivo in hACE2 transgenic mice, and thus should be evaluated as potential COVID-19
treatments [95].

As outlined above, regardless of their pharmacological effects, accumulating evidence
suggests that raising the lysosomal pH from 4.5-5 to 6-6.5, a pH value above the pH opti-
mum of CTSL and pH optima of most other lysosomal enzymes, may inhibit SARS-CoV-2
infection [5,27,88]. However, compounds such as CQ and bafilomycin Al may actually
support progeny virus release, which requires lysosome deacidification, thus offsetting
the antiviral effects of these agents. Importantly, although substantially fewer known
compounds and materials lower lysosomal pH than increase lysosomal pH, lysosomal
pH-lowering compounds should be assessed for anti-SARS-CoV-2 effects. Such agents
include polyester and poly (lactic-co-glycolic acid) (PLGA), the latter of which was ap-
proved by the US FDA for biomedical and pharmaceutical applications (Figure 3C). PLGA
degrades in an acidic environment to release component lactic and glycolic carboxylic acids
with pKa values of 3.86 and 3.83, respectively [96]. Moreover, this agent was shown to
reduce lysosomal pH in models of various diseases associated with elevated lysosomal
pH and is the top polymeric candidate agent for use in the fabrication of drug delivery
devices [96-98]. Notably, PLGA-encapsulated curcumin nanoparticles were shown in vitro
to possess anti-COVID-19 activities, although it is unclear whether PLGA directly inhibits
virus replication by enhancing lysosome degradation of the virus or acts via a different
mechanism [99].

5. Conclusions

This review summarizes the correlation between lysosomes and virus replication by
describing multiple roles played by lysosomes during SARS-CoV-2 replication and by
providing potential mechanisms to explain how SARS-CoV-2 infection leads to lysosomal
dysfunction. However, the detailed mechanisms underlying virus-induced lysosome dys-
function must be explored further through investigations of SARS-CoV-2-induced active
and passive lysosome deacidification mechanisms within infected cells, as must the effects
of lysosomal reacidification on SARS-CoV-2 egress and antigen presentation in APCs. More-
over, here the significance of CTSL activity and lysosomal pH modulation in COVID-19
disease are also discussed, with a focus on exploiting lysosomotropic molecules for use
as anti-SARS-CoV-2 agents that act to specifically modulate lysosomal pH. Nevertheless,
any strategy based on the alteration of lysosomal pH must take into account the different
roles played by lysosomal acidification and deacidification during different stages of viral
replication before the therapeutic potential of lysosome pH-modulating agents can be
tapped to guide the development of clinical treatments to block virus infection.

In addition, the novel oral anti-SARS-CoV-2 drugs are potentially immense and may
bring new hope for COVID-19 treatment and recovery [18]. Recently, the oral antivirals of
COVID-19 were shown to generally function against viral enzyme structures such as RNA-
dependent RNA polymerase (RdRp), main protease (3CLpro), and papain-like protease
(PLpro), which are important for viral replication [8,9,18]. Paxlovid targets the SARS-CoV-2
main protease referred to as 3CLpro or nsp5 protease [11]. Molnupiravir is used as a
competitive alternative substrate and targets SARS-CoV-2 RdRp [10]. Thus, both oral
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antivirals can prevent the SARS-CoV-2 virus from copying itself directly. Although they
are less affected by SARS-CoV-2 mutation, due to the continual occurrence of mutations of
SARS-CoV-2 genomes, a worthwhile strategy for designing SARS-CoV-2 antiviral drugs
might be to block a general cellular mechanism involved in the virus replication process
instead of inhibiting specific viral proteins crucially needed for SARS-CoV-2 infection.
For example, based on lysosome roles in SARS-CoV-2 replication, targeting lysosome-
based replication of SARS-CoV-2 may be a prevention strategy for COVID-19, as it affects
virus entry, virus RNA release, and progeny virus release. Interestingly, whether the oral
drugs for treatment of COVID-19, such as Paxlovid and molnupiravir, are lysosomotropic
molecularly, and can indirectly affect the anti-SARS-CoV-2 effects by modulating lysosomal
function, warrants further study.
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