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Abstract

The anti-malarial drug Chloroquine (CQ) and itsiwiive hydroxychloroquine have
shown antiviral activitiegn vitro against many viruses, including coronavirusesgdervirus
and the biosafety level 4 Nipah and Hendra parawiyxses. Then vivo efficacy of CQ in
the treatment of COVID-19 is currently a matter aébate. CQ is a lysosomotrophic
compound that accumulates in lysosomes, as welinafod vacuoles ofPlasmodium
falciparum In the treatment of malaria, CQ impairs the digesand growth of the parasite
by increasing the pH of the food vacuole. Similaidys assumed that the antiviral effects of
CQ results from the increase of lysosome pH andrhibition of acidic proteases involved
in the maturation of virus fusion protein. CQ haswkver other effects, among which
phospholipidosis, characterized by the accumulatiomultivesicular bodies within the cell.
The increase in phospholipid species particuladgyicerns bis(monoacylglycero)phosphate
(BMP), a specific lipid of late endosomes involiadresicular trafficking and pH-dependent
vesicle budding. It was shown previously that drdge progesterone, the cationic
amphiphile U18666A and the phospholipase inhibit@thyl arachidonyl fluoro phosphonate
(MAFP) induce the accumulation of BMP in THP-1 sednd decrease cell infection by
human immunodeficiency virus. HIV viral particleserg found to be retained into large
endosomal-type vesicles, preventing virus spreadsngce BMP was also reported to favour
virus entry through hijacking of the endocytic pa#ty, we propose here that BMP could play
a dual role in viral infection, with its antiviralffects triggered by lysosomotropic drugs like

CQ.



1. Introduction

The current outbreak of the COVID-19 has triggeradous strategies to fight against
the infection by SARS-CoV-2 virus, including theresening and repurposing of already
available approved drugs [1]. Among these drugs, ahtimalarial drug chloroquine (CQ;
Figure 1A) and its derivative hydroxychloroquineQg; Figure 1B), have attracted much
interest [2-4]. CQ had already been testeditro against several coronaviruses [3] as well as
many other viruses [2] and was found to be effectigainst SARS-CoV-2 with an B{of
around 1 uM [5]. A subsequent chinese study fotmad HCQ is even more efficient than CQ
in preventing SARS-CoV-2 replicatidn vitro in Vero cells [6]. A recent preprint reported
however that HCQ showed antiviral activity in thaster cellular model but not in a model of
reconstituted human airway epithelium [7]. Chinsgalies have then reported that CQ could
reduce the length of hospitalization and improwe ¢kolution of COVID-19 pneumonia [8-
10]. In spite of then vitro efficiency of CQ in preventing the replicationssveral viruses [3,
11-13], thein vivo efficacy in infected patients was not always conéd [2] and CQ was
ineffective in the prevention of influenza [14].fieacy in SARS-CoV-2-infected patients has
been the topic of a virulent debate after the reatsmim that HCQ, in association with
azithromycin, a macrolide antibiotic, accelerat@sis/ clearance [15]. This study has been
criticized in light of the biases it suffered, thhahdered its conclusions poorly reliable for a
large part of the scientific community. A randondzghinese study also provided support for
the favorable clinical evolution of patients trehtgith HCQ [10], while subsequent clinical
studies performed in both France and the US onitatized patients showed no clinical
benefit [16, 17]. Altogether, these studies adwecatt best for a possible benefit of the
treatment provided that it is administered earlierathe appearance of symptoms. More
recently, a study on 9832 patients from 671 hospitals in six continerasl@d not confirm a

benefit of HCQ or CQ, when used alone or with a noléde, on in-hospital outcomes for



COVID-19. These drug treatments were found to lm@ated with decreased in-hospital
survival and an increased frequency of ventriciarhythmias [18]. This study had
immediately a considerable impact on public hepltctice and ongoing trials but concerns

regarding the statistical analysis and data intgre already raised.

In these times of emergency, it is worth exploriggickly this track and the
mechanism of action underlying the anti-viral effe€ CQ. Here we highlight a possible
connection between phospholipidosis (Figure 2), rown effect of CQ and other
lysosomotropic drugs leading to the accumulatiopludspholipids in endocytic organelles,
the enrichment of these organelles in the unconwesit phospholipid bis-
(monoacylglycero)-phosphate (BMP; Figure 1C) ane timhibition of viral particle

endosomal trafficking and dissemination.

2. Antiviral effects of CQ on several viruses anespmed mode of action

Thein vitro antiviral effect of chloroquine was first report&d years ago [19, 20] and
since then CQ was found to be effectivevitro against many viruses including coronaviruses
[2], dengue virus [13], the biosafety level 4 Nig@&hV) and Hendra (HeV) paramyxoviruses
[11, 12, 21], rabies virus [22], poliovirus [23])W[24, 25], hepatitis A virus [26], hepatitis C
virus [27], influenza A and B viruses [28-30], Sandirus[28], Semliki Forest virus [28],
Chikungunya virus [31-33], Zika virus [34], PicheydMopeia and Lassa arenaviruses [35],
Crimean—Congo hemorrhagic fever virus [36], Ebatas/[37], as well as a DNA virus like
herpes simplex virus [38]. In the case of HIV,iarvitro antiviral activity was also reported

for HCQ [39].

CQ was also found to be effectivevivo against dengue virus replication in monkeys

[40] and avian influenza A H5N1 virus infection mice [41], but was ineffective in the



prevention of influenza [14] and treatment of aathitkungunya infections [31] in humans, as
well as in the protection against Ebola virus itifat and disease in a guinea pig model [37].
CQ did not protect hamsters against infection by ldnd HeV when administered either
individually or in combination with ribavirin [21]In vitro, however, NiV and HeV
replication is impaired by CQ with an E{f 1 uM [12]. It was proposed that the mechanism
of action of CQ could be the indirect inhibition @dthepsin L, a lysosomal enzyme acting at
low pH, that is essential for the processing of ¥iral fusion glycoprotein NiV-F. Indeed,
NiV entry, believed to occur only via fusion withet host cell's plasma membrane, can also
occur through the endocytic pathway of macropinosigt that brings the virus to lysosomes.
There, CQ would impair the cleavage of the viradidn glycoprotein by cathepsin L by

raising the pH of the lysosome [11].

CQ is effective in the treatment of malaria beeaitsraises the pH dPlasmodium
falciparumfood vacuoles, impairs the proteolytic digestidihaemoglobin and thus prevents
growth of the parasite [42]. Similarly, it is assesinthat the antiviral effect of CQ mainly
results from the alkalization of the phagolysosanendolysosome [29], a cytoplasmic body
formed in the process of phagocytosis of a virua bacterium by the cell. Phagolysosomes
are essential for the intracellular destructionpathogens, a process that results from the
fusion with lysosomes and the action of lysosomalrblytic enzymes. A characteristic of
phagolysosomes and lysosomes is their acidic pihath lysosomal enzymes preferentially
act. It thus appears counter intuitive to use adhat increases the pH [43, 44] and impairs
the activity of lysosomal enzymes. Nevertheless, dlkalization of intracellular bodies can
globally impact many cellular functions, includingsicular/endosomal trafficking [45],
endocytosis, secretion, autophagy, apoptosis, ensrad adaptative immunity [46] and various
signalling pathways [47] as well as the late fusan viral envelop with the lysosome

membrane that can be mediated by acidic pH [29]aarnitie cleavage of surface envelop



proteins by acid lysosomal proteases like cathepg#8]. It is largely admitted that these
two latter effects are the basis of the antivirgivaty of CQ and other drugs inducing a pH
increase in lysosomes and late endosomes. Thierp@gin why a proton pump inhibitor like

omeprazole has also been identifieditro as a drug candidate against SARS-CoV-2 [49].

3. CQ, a drug with multiple effects

CQ, like azithromycin, is a weakly basic compouitdit accumulates in acidic
organelles due to pH-partitioning and interactioithwnegatively charged phospholipids.
These kinds of drugs are referred to as lysosomptr®0, 51] Studies on the effects of
azithromycin and CQ on lysosomes and lysosome-akgrerprocesses have shown that both
drugs accumulate in lysosomes, increase lysosorhatgmluce lysosomal enzyme activities,
trigger the accumulation of autophagic vacuoleguae phospholipidosis [52, 53], i.e excess
of accumulation of phospholipids in cells and tessuand enlargement of lysosomes [3,4].
They also have an impact on fluid phase and receptaliated endocytosis of ligands like
ovalbumin and low-density lipoproteins (LDlthat accumulate inside the cells [54, 55].
Therefore, these compounds can have a broad ingpacellular processes. The biological
activity of lysosomotropic drugs can be partly doetheir effects on lysosomal functions,
regardless of specific interactions with proteins ather targets. However, it was also
proposed that CQ could act through other mechanikrosuld inhibit virus entry through the
clathrin-dependent pathway [36]. Very recentlyhas been proposed that both CQ and HCQ
could inhibit SARS-CoV-2 infection through theirilly to bind to sialic acids linked to host
cell surface gangliosides, thereby preventing atgon between these co-receptors and the S
protein [56]. CQ could also block virus cell entyy impairing the terminal glycosylation of
the cellular receptor angiotensin converting enzydn@CE?2) thereby negatively affecting

virus-receptor binding as shown with SARS-CoV-1][5ince ACE2 is also a receptor for



SARS-CoV-2 [58], CQ may negatively influence theusireceptor binding and prevent the
infection. Besides these effects, CQ and azithreamghow anti-inflammatory activities in a
number of cellular systems, with these effects lyikeesulting from the inhibition of
arachidonic acid release by cytosolic phospholipA® (cPLA2) and the subsequent
inhibition of prostaglandin E2 synthesis [59-62lhe mechanisms of these inhibitory
activities have however not been clarified uneqocally yet. Finally, CQ could have an
inhibitory effect on innate immunity sensor activatvia the endosomal nucleic acid-sensing
Toll-like receptors (TLR7 and TLR9), that are resgble for initiating the antiviral response
of plasmacytoid dendritic cells (pDC) by triggeritype 1 interferora (IFN-I) expression, a
mechanism that can further lead to the inductionyddkine storm if it is not controlled [63].
Indeed, CQ is known to suppress endosomal TLR atativ [64] and to impair BAD-LAMP
(brain and DC-associated, lysosomal-associated maamab protein) control of TLR9
trafficking to late endosomes and production of -jftammatory cytokines in human
plasmacytoid dendritic cells [65]. CQ can therefalisplay two different effects: a direct
antiviral one and an indirect immunomodulatory dheugh the inhibition of endosomal
TLRs [66]. The latter effect is targeted in theatment by CQ and HCQ of autoimmune

diseases like systemic lupus erythematosus [64].

CQ can increase lysosomal/endosomal pH in two diffeveays. First, itis a weak
base that causes alkalization of endosome/lysodamen where its protonated forms are
trapped [67]. Secondly, CQ was found to be a commgetinhibitor of ion transporting
ATPases (Na+,K+-, C& and C&"Mg®"ATPases) from enriched microsomal membranes
[68], which could lead to additional alkalizatiddQ can thus alter the gradient of pH existing
in the lumen of organelles along the endocytotitwway from early endosomes (pH 6.0-6.6)
through late endosomes (pH 5.5) to lysosomes (@4540) [69] or along the secretory

pathway from endoplasmic reticulum (pH 7.4) througans-Golgi network (pH 6.2) to



secretory granules (pH 5.5) [70, 71]. The vast migjo@f articles describe the effects of CQ
on lysosomal pH. Those of HCQ are generally infttvased on the high structural similarity
between the two drugs and on the similarity of dhserved effects vitro and in clinical

trials. Few studies have experimentally addresksedbility of HCQ to trigger an increase in
lysosomal pH. One such a study [72] reports thaQHf@s a lower interference on lysosomal
degradation capacity and induces less intensivaolaation of the cytoplasm compared to

CQ. This may be the basis for the lower toxicityH&3 Q.

4. CQ-induced phospholipidosis and BMP accumulation

Alkalization and the subsequent inhibition of Igemal phospholipases A was
proposed as one of the mechanisms by which lysasopio drugs induce the intracellular
accumulation of phospholipids, e.g. phospholipigdsi3]. It has also been proposed that
cationic amphiphilic agents like CQ bind tightly pospholipids forming complexes which
may be resistant to hydrolysis by phospholipase/4].[Oral administration of CQ to rats
(100 mg/kg for 1 week) results in up to 50% incesasliver phospholipid content [52, 73].
This dose is in the same order of magnitude of ikatl to treat Covid-19 patients in clinical
trials [15]. The increase in liver phospholipids can be entieglgounted for by the presence
of secondary lysosomes and multivesicular (MVB)naultilamellar bodies in liver cells
(Figure 2). Among all phospholipids, the accumualatof the unconventional phospholipid
BMP is particularly pronounced with a 20-fold inase compared to controls [52, 73], while
CQ-induced variations in major phospholipids arecimilower. Phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylglycéifgs) and phosphatidylinositol (Pl) are
only increased 1.4, 1.7, 5 and 1.7 times, respagticompared to controls [52]. The highest
content in BMP is found in the liver lysosomal tiao from CQ-treated rats, which agrees

with the fact that BMP is mostly found in lysosonaex=l late endosomes. In particular, BMP



accumulates in MVB and in certain subpopulations imfaluminal vesicles (ILV or
exosomes), where it accounts for 15% and 70% ofpt@spholipid contents (mass %),
respectively, under normal conditions [75, 76]. $hQQ treatment induces a clear increase in
BMP, a phospholipid involved in protein and lipidifficking through late endosomes, and
which normally represents less than 1% of totakigllular phospholipids [75, 76]. BMP is
today recognized as a biomarker of phospholipidasiker induced by drugs like CQ and
amiodarone [77] or associated with lysosomal ligidrage diseases like Niemann-Pick
disease type C [78]t has been hypothesized that BMP is involved iogpholipidosis-
induction and the subsequent cholesterol traffia jhat leads to the formation of typical

multilamellar bodies (Figure 2) [79].

The intracellular localization of CQ was deternaine subcellular fractions of treated
rat liver and its distribution was found to be damito that of acid phosphatase and other
enzymes that could be involved in BMP synthesid.[F2erefore CQ accumulates where
large amounts of BMP are found and where the engymesumably involved in its synthesis

are found.

CQ was also found to induce phospholipidosis imows cell cultures, including 3T3-
L1K murine adipocytes [80], primary cultures of hepatocytes [81], in mice J774A.1 cells
[54] and MDCK kidney cells [82], as well as in réalls in which a phenotype resembling

Fabry’'s disease is observed [83, 84].

5. BMP and vesicular/endosomal trafficking

BMP is involved in the inward budding of ILVs intthe acidic lumen of late
endosomes, a process that leads to the formatidn\s [85]. Indeed, BMP is capable of

inducing spontaneous inward vesiculation using rhotembranes (large unilamellar
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liposomes of 600-800 nm) with a phospholipid conmpas similar to that of late endosomes
(PC:PE:PI:BMP, 5:2:1:2 mol) [86]. Because this indvdbudding was found to be pH-
dependent and triggered at acidic pH, it was pregdbat it results from the alteration of
membrane curvature caused by transmembrane fliggittte protonated BMP molecules. So
far, however, no BMP flippase has been identifi@d]] Based on monomolecular film
experiments with individual phospholipids and a tmig of PC, PE and Pl £ BMP, we
proposed another hypothesis based on the pH-depesuidace occupancy of phospholipids
in the presence of BMP [88]. Indeed, at a surfaesgure of 30 mN/m corresponding to the
lateral pressure in natural membranes [89], thegmee of BMP induces a decrease in the
mean molecular area of phospholipids at pH 5.5 @etgpto pH 8 (Figure 3). Since BMP is
enriched in the membrane of late endosomes [90pagtf@rentially found on the inner leaflet
of this membrane [75] facing the acid lumen, théedential molecular area of phospholipids
on each leaflet of the late endosomembrane could trigger membrane curvature towagd th
acidic inside, budding of ILVs and formation of MMBEithout the need for a transmembrane

flipping of BMP molecules.

Whether the budding of ILVs is dependent on spegifoteinsin vivo is not fully
elucidated. It was observed that BMP-containingdigmes mixed with cell homogenates
could specifically recruit apoptosis-linked gen@&feracting protein X (Alix) [86], a
cytosolic protein also found in exosomes [91] ardhgosomes [92]. Alix was found to
control the ILV invagination process vitro using liposomes [86] and the formation of BMP-
containing endosomas vivo [86]. It was postulated that ILV and the delimitingembrane
of MVB interact dynamically by means of membrarssion and fusion events, and that this
process is controlled, at least in part, by pH arahsient interactions between BMP-
containing membranes and Alix [86]. Noteworthy Atentains a BMP binding site in the

Bro domain of the protein [93]. The fusogenic prbies of BMP are known to vary with pH
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(Figure 4). They are maximum at acidic pH and amg/VYow above pH 6.5 [76]. Therefore,
CQ, which normalizes to 7.4 the pH of all acidmmpartments in cells after a 30-minute
incubation at a concentration of 500 uM [94], mighpair BMP and pH-dependent fusion

processes and probably disrupt the endocytic pathwa

6. Dual behaviour of BMP in viral infection and antiai effects

There are several vitro studies establishing a link between BMP, virakation and
virus entry through hijacking of the endocytic pa#ty. A correlation between BMP and viral
infection was shown in the case of HelLa cells itdedy Vesicular stomatitis virus (VSV).
VSV infects cells through the endocytic pathwaythwihe release of its nucleocapsid
occurring at the level of late endosomes [95, B6E acidic late endosome pH triggers fusion
of the VSV envelope with endosomal membranes, atigwucleocapsid release into the
cytoplasm and ensuing virus replication. It wasvamthat SIRNA-mediated down-expression
of Alix reduces VSV infection of HelLa cells, themhber of MVB, as well as BMP levels by
around 50% [86]. It was proposed that cell infattioy VSV is reduced upon down-
expression of Alix presumably because the numbexcific late endosomes is decreased, as
well as Alix-dependent dynamics of late endosomaminranes required for efficient
nucleocapsid release [86]. Other studies also stgdehat BMP, together with Alix, could
favour viral infection and play a key role in tharly phase of dengue virus (DENV)
replication. Indeed, the levels of Alix, colocakizeiith BMP, were found to be increased in
human endothelial EA.hy926 cells infected by DENY7][ From these findings, it was
proposed that the Alix-BMP complex could be invalve the export of DENV proteins from
late endosomes to the cytoplasm. In line with Hyipothesis, DENV infection was found to
be decreased after cell treatment with an anti-BiWdhoclonal antibody [97]. This antibody

iIs known to be internalized and to accumulate ta Endosomes [98] where it could impair

-12 -



the fusogenic effects of BMP and virus nucleocapstbased into the cytosol. More
generally, BMP and its partner protein Alix are weated with the endosomal sorting
complexes required for transport (ESCRT) machirtbat controls membrane deformation
and fission processes. This machinery is involvedsarting of downregulated signaling
receptors and other proteins destined for late mdes and lysosomes, via the formation of
ILVs [87]. ILVs can be targeted to lysosomes fogidelation, or undergo back-fusion with
the limiting membrane, a process analogous to tading of enveloped viruses. These
processes allow to understand how enveloped viroaeshijack the endocytic pathway in
various ways [87]: 1) virus entry via its fusiontwviendosome membranes leading to the
release of the nucleocapsid (Figure 6), 2) virydication via the formation of double-
membrane vesicles (DMVs) that provide an anchorirsgaffold for viral
replication/transcription complexes, a process shéw instance in the case of Middle East
respiratory syndrome coronavirus (MERS-CoV) repiarawith viral protein palmitoylation
serving as the membrane anchor [99] and 3) virdigka budding and dissemination outside
the cell. The precise role of BMP in these virabgasses is not fully elucidated but it has
been shown for instance that the fusion of DENVOJ18nd VSV [101, 102] depends on

anionic phospholipids including BMP.

BMP is however also associated with opposite &ffea viral infection. Indeed, we
previously reported that increasing the endosormatent in BMP by various approaches,
including treatment of human monocytic cell line Al by progesterone (Figure 5A), the
cationic sterol amphiphile U18666A (Figure 1D) atht phospholipase inhibitor methyl
arachidonyl fluoro phosphonate (MAFP), correlatedhwa strong decrease in HIV cell
infection (Figure 5B) [103]. HIV viral particles eve found to be retained into large
endosomal-type vesicles and no more viruses wesibl@iin the cell periphery, preventing

virus spreading (Figure 5C). Although the fate &fiB-enriched endosomes in cells is not
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documented, one can conceive that trapped virusesvibe further degraded. Another effect
of progesterone was to inhibit macropinocytosis flieid phase endocytosis-mediated virus
entry [103]. It is also worth noting that the caic sterol U18666A shown to increase BMP
levels and to inhibit HIVfproduction in THP-1 cells [103], was also foundinbibit Ebola
virus entry and infection in SNB19 human glioblastocells at micromolar concentrations,
while inducing a Niemann-Pick C phenotype, i.e. #teumulation of cholesterol in late
endosomes and lysosomes [104]. On the contraryhier tysosomotropic amines, U18666A
has no impact on the acidity of late endosomesdlysws and does not inhibit cathepsin L
[104], but it was shown to bind to the Niemann-Rizk (NPC1) lysosomal membrane protein
involved in both the export of cholesterol and ttedlular entry of Ebola virus [105]. The
possible role of BMP was not highlighted in thekal®s, but since BMP is tightly associated
with cholesterol transport [87, 106] and is incezhby U18666A [103] , it is likely that it is
also associated with the antiviral effects on Ebwlaus. Cholesterol accumulation in
membranes increases membrane rigidity and pre¥@niisstance fusion between endosomes
and lysosomes. This increase in endosome memhbgidigyr might also impair the fusion of
viruses with the endosomal membrane for releasimg nucleocapsid in the cytosol
independently of any change in endosomal pH, andpfiears as a distinct mechanism
compared that of BMP. A protective function of lasmdosome/lysosome cholesterol
accumulation against influenza A virus (IAV) hasheestablished and suggested that the
endosomal cholesterol balance could be a possittigiral target [107]. Since BMP is
involved in cholesterol homeostasis [90], theselifigs also support a role for BMP in the

antiviral response.

BMP can therefore show opposite effects on virddation.In the studies on VSV and
DENV , in which BMP favoured viral infection, itelular content was however not as high

as in cells treated with CQ, which induces arou@dies higher levels than in control cells
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[52, 73]. The different effects of BMP might redwy its concentration in late endosomes with
subsequent rearrangements of membrane lipids whimild modify vesicular trafficking
within the cells. For instance, BMP associated vg#ngliosides can form pH-dependent
multilamellar bodies [108] which can recall the tlamellar bodies observed in rat treated
with CQ. The late endosomal pH may be the key patanthat underlies the opposite effects
of BMP, which can favour virus entry at low pH oneohand because of the fusogenic
property of BMP, and block virus vesicular trafiieg on the other hand when a higher pH
value impairs BMP fusogenic capability (Figure Whatever the contribution of BMP, all
these studies highlight BMP as a key marker oflvuirgection via the endocytic pathway.
Since treatment with CQ and other drugs has a gtnmpact on BMP levels, it would be

worth investigating further the possible role of BN the antiviral activity of these drugs.

7. Possible relationship between CQ and BMP accatiaud

Besides its historical use in the treatment ofama] CQ and its analogs have
demonstrated beneficial effects in many dermatokdgimmunological, rheumatological and
infectious diseases [109]. Therefore, it is likéiyt more than one mechanism of action is
involved in all these therapeutic effects. CQ asdanalogs have been shown to act on lipid
metabolism and homeostasis, with plasma lipid-lawgeeffects in patients with systemic
lupus erythematosus, rheumatoid arthritis, dyséipidia and diabetes mellitus. HCQ also
reduces the plasma levels of cholesterol, trigigesrand LDL and their clearance rate would
be increased by the up-regulation of LDL recepfd@®]. Since the cellular internalization of
LDL is one of the possible pathways associated witbspholipidosis and the accumulation
of MVB and BMP in cells, CQ and its analogs couidd trigger the uptake of phospholipids
and BMP precursors necessary for the assembly oB Mémbranes. It is possible that the

various effects observed with CQ, including ther@ase in lysosome/late endosome pH and
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the accumulation of MVB and BMP are tightly linkeld. response to the increase in late
endosome pH and its deleterious impact on BMP-nedlimembrane curvature and vesicular
budding, the cell could produce more BMP to mamtasicular trafficking. Indirectly, this
would impact the virus course and retention withire cell as seen with HIV and

progesterone treatment [103] (Figure 6).

In addition, CQ was shown to reduce expressiomplodsphatidylinositol binding
clathrin assembly protein (PICALM), a cargo-selegticlathrin adaptor that is involved in
endocytosis rate regulation [110]. Depletion of RLM was previously shown to inhibit
clathrin-mediated endocytosis [110], i.e. the praoi@ant pathway for synthetic nanoparticle
internalization [111]. In these studies, CQ waswvahdo reduce nanoparticle uptake in
macrophages by suppressing endocytosis. Basedeasirttilarity in size and shape between
SARS-CoV-2 and commonly studied synthetic nanoglagj it has been recently proposed
that one of the mechanisms responsible for chlanegmediated effects against SARS-CoV-
2 may be a decreased cell ability to perform ciathrediated endocytosis of nanosized
structures due to PICALM suppression [112]. Thdetatmechanism might enhance /

potentiate the BMP-mediated mechanism that we ihg@mapose.

8. Other drugs inducing BMP accumulation

CQ is not the only drug leading to phospholipidoand accumulation of BMP in
lysosomes and MVB. Treatments of rats with diazkesterol [73] and 4,4-
bis(diethylaminoethoxy),3-diethyldiphenylethane [52] were also found to ioeltas much
accumulation of BMP as CQ. We have shown that mtegene (Figure 5A), the cationic
sterol amphiphile U18666A and the phospholipaséitdr MAFP increase BMP levels 2.5,

1.7 and 1.25 times, respectively, in endosomesH®-I monocytes [103]. The molecular
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basis for the accumulation of phospholipids anceeisly BMP in lysosomes and MVB is
not fully understood. First, phospholipid and clstéeol can reach the lysosomes either by (1)
the uptake of extracellular material such as liptgins which enter the cell by adsorptive
endocytosis [113] or surface transport [114], or (&) interaction with intracellular
membranes (autophagy) [115]. Examination of livesue following treatment with CQ has
shown evidence for increased autophagy [116-11%],itais likely that the phospholipids that
accumulate in lysosomes are mostly of intracellutargin. Secondly, phospholipid
modification and degradation by lysosomal enzymay e impaired. For instance, MAFP
could induce BMP accumulation in THP-1 monocyte93]1 presumably through the
inhibition of lysosomal phospholipases, includiranpreatic-lipase related protein 2 (PLRP2)
[120], an enzyme also found in lysosomes [121dpkdiying phospholipase Al activity and
activein vitro on a, a’-BMP and BMP precursors like PG and bis(diacylgs@phosphate
(BDP) [88, 103]. CQ might also inhibit lysosomalgsipholipase A activities by its ability to
raise the intralysosomal pH [43, 44]. It has alserb proposed that cationic amphiphilic
agents bind tightly to phospholipids and form coexels which may be resistant to hydrolysis

by phospholipase A [74].

9. Conclusion

We propose that a mechanism involving BMP accutionlain late endosomes and
impairing vesicular trafficking of viral particle@igure 6) could account for CQ reported
antiviral activity against SARS-COV-2 [5, 15, 12&0d other viruses [2, 11-13], at least
vitro. In addition, the observed effects of progesteromeéBMP accumulation and reduction
of HIV intercellular transmission [103], at a contration found in human placenta (10 uM),
i.e about a thousand times higher than in bloo8Q1¥M) [123], might explain why SARS-

COV-2 has not been observed so far in amniotid f(MYHO sources ; April 6, 2020). It also
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suggests that progesterone could provide to womahigleer resistance to viral infections.
Progesterone was previously reported to protedt &nale mice from influenza A virus, but
another mechanism involving the epidermal growtlktdia amphiregulin (AREG) was
proposed [124]. Hence, the mechanism we suggestrhay also be associated with the fact
that women show less mortality due to COVID-19spite of a higher susceptibility to the
infection then men [125]. Since we submitted thiscke, a study published ilNature
reported that progesterone had some antiviral &sffleec SARS-CoV-2 [126], which supports
our hypothesis. Moreover, it is worth mentioniritatt sex-dependent differences in the
outcomes of mice infection by SARS-CoV-1 were alsported previously with a higher
susceptibility for infection in males [127]. Furthgore, ovariectomy or treating female mice
with an estrogen receptor antagonist increasedatitgrtindicating a protective effect for

estrogen receptor signaling in mice infected widRS-CoV-1 [127].

Our hypothesis remains speculative in the abseheaperimental evidence showing
that BMP is increased upon CQ treatment of cellpatients infected by SARS-COV-2, but
we hope that it will trigger further studies fobatter understanding of the mode of action of
drug candidates to treat COVID-19 and for targetimg endocytic pathway as a therapeutic
strategy to fight against viral infections by eropdd viruses [128]. To explore further the
BMP track, it is worth mentioning that BMP is caesied as a biomarker of drug-induced
phospholipidosis [129] [78], with di-docosahexanoBMP (di-22:6 BMP) being the
molecular species with the highest increase in afexe it is released by exosomes and can
be measured by mass spectrometry [130]. Similaih22:6 BMP is also high in Nieman-
Pick disease, the most analogous inherited lysosbpia storage disorder to drug induced

phospholipidosis [129]. Therefore, available assaygdd be implemented in clinical trials.

-18 -



Note from the authord/NVhile this article was in revision, an articlasiag similar hypothesis
on thein vitro antiviral activity of HCQ against SARS-CoV-2 washtished in FASEB
Journal. In that case, the authors highlighted Niemmann-Pick disease type C phenotype
induced by HCQ and the accumulation of cholesténat could contribute to changes in

membrane dynamics and sequestration of viral pestia the endocytic pathway [131].
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Figures

Figure 1. Chemical structures of chloroquine (A), hydroxycbtuine
(B),bis(monoacylglycero)phosphate (BMP; C) andchef ¢ationic sterol amphiphile U18666A
(D). BMP is a polyglycerophospholipid, consisting wbtmonoacylated glycerol molecules,
combined together through a single phosphate gBM# is presented here with its two acyl
chains (18:1) bound to tHg and 3’ positionsof the glycerol units, a structure that is well
accepted for intracellular BMP [75, 76, 86, 876[l@&nd has been deduced from the
resistance of intracellular BMP to the action gfteospholipase Al [76]The cationic sterol

amphiphile U18666A is known to increase BMP lewvel$HP-1 cell cutures [103].

Ao S e 4
HN N~ HNJ\/\/N\/

A/
A/

Cl Cl

-34-



Figure 2: Electron microscopy of two different lysosomadtions (A and B) isolated from

chloroquine-treated rat liver. (x20.000). Reprimgth permission from [52].
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Figure 3. pH-dependent effects of BMP in a model membrdtanel A: compression

isotherms (surface pressure versus mean molecda) af mixed monomolecular films of

phospholipids at pH 5.5 and 8. All films formedtla¢ air-water interface contained PC, PE
and PI at relative molar ratios of 6.25:2.5:1 . WHBMP was added to these films, the
relative molar ratios were 5:2:1:2 for PC, PE, Rdl 8MP (molar fraction of 20%) which is

similar to the relative proportions of the main ppbolipids in the membrane of late
endosomes [75]. Other membrane lipids (phosphatidyle, sphingomyelin and cardiolipin)

present at lower levels were omitted; Panel B, sehie representation of membrane
curvature and inward budding in liposomes [86] #atd endosomes, induced by BMP and
the inner acidic pH of late endosomes. The latter enriched in BMP [90] and BMP is

preferentially found on the inner leaflet of théel@ndosome membrane [75]. Adapted from
[88], in which experimental details are provided:Nt is worth noting that these experiments
were performed with the, a’-BMP isomer that differs from the intracellul@;, B-BMP

isomer used for demonstrating vesicular buddingsosomes [86].
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Figure 4. pH-dependent fusogenic capacity of BMP measured floorescence emission (
= 515 nm) upon fusion of liposomes containing BNiE a fluorescent phospholipid analog
Donor liposomes were prepared by mixing 74% DOPIC» BMP, and 5% of the fluorescent
B-BODIPY FLC12, 1-hexadecanoylphosphatidylcholingl atceptor liposomes containing
67% DOPC and 33% BMP. Fusion was started by mixioigor and acceptor liposomes at
various pH, and analyzed by fluorescence emisdi&@i% nm after excitation at 500 nm. The
time course increase of fluorescence emission &trét was recorded as an indicator of
liposome fusion. The arrow shows pH 7.4, the pkvlaich all acidic compartments in cells
are normalized by incubation with CQ at 500uM fontn [94]. Adapted from Figure 3 in

[76].
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Figure 5: Effects of progesterone on BMP levels and viralicagion in THP-1 cells infected
by HIV. Panel A: Relative increase in BMP cellular cohigoon treatment of THP-1 infected
cells by progesterone versus control (ethanol dschke 0.1% v/v final). Hatched bars
corresponds to BMP quantified by its fatty acid teot determined following HPLC
purification and gas chromatography analysis fr@inx510 cells. Black bars: BMP content
was measured by flow cytometry from 0.5 %1@lls labelled using the purified anti-BMP
antibody 6C4 as primary antibody, Phycoerythrin )¢(Ribeled goat anti-mouse IgG as
secondary antibody and the Mean Fluorescence ibtdMi-1) as quantification unit. In both
cases, the amounts in the control were normalived (0. Panel B: Inhibition of HIV
production in THP-1 cells treated with progester@indgial concentration at day 0 = 10 uM).
Residual HIV-1 RNA in the culture supernatant wasgified at day 4 post-infection. Data
in panels A and B are mean £ SEM; * indicates aifigant difference vs. control (p < 0.05).
Adapted from [103]. Panel C: Confocal microscopywages of HIV-infected cells, untreated
(a; control), or treated with progesterone (b) wiateen from cells infected at 1:1000 ratio,
stained with the FITC-labeled KC57 anti-HIV-1 amiity and examined using a Zeiss 510
confocal microscope. For transmission electron osicopy (c, untreated infected cells; d,
progesterone-treated infected cells), cells wefected at a ratio of 1:2 to visualize enough
viral particles. The images in panels e, g, anti fare successive enlargements of areas
outlined in panels ¢ and d, respectively. Bar: 10 (a, b); 1 um (c, d); 200 nm (e, f).

Immature (i) and mature (m) viral particles arewhan panel g.
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Figure 6: Schematic representation of the cell entry of avetaped virus through the endo-
/lysosomal pathway and possible mode of actionh@droquine and progesterone towards
SARS-CoV-2 infectiorit has been shown that coronaviruses can entés e clathrin-
mediated endocytosis and their replication relies tafficking through the endosomal
pathway to lysosomes. After interaction with thegéd cell via a receptor (angiotensin
conversion enzyme 2 (ACE2) in the case of SARS-QA\t32, 133]), virus internalization
proceeds through clathrin-mediated endocytosis(8]yet demonstrated for SARS-CoV-2
to our knowledge, but speculated [112]). Then,rtHease of the virus nucleocapsid into the
cytosol for replication to occur depends on protgolcleavage of the virus envelop protein
(S spike protein in the case of SARS-CoV-2). Uptearage the envelop protein acquires
fusogenic properties that allow membrane fusionwbeh the virus envelop and
endosome/lysosome membrane. This process can @tcdifferent steps of the endo-
/lysosomal pathway depending on the virus and psgteleavage sites present in the envelop
protein [48, 134]. It was shown that the protealytieavage site in the S protein of different
coronaviruses is an essential determinant of ttradellular site of fusion. This allows the
virus to escape the endo/lysosomal system fronergifit compartments. Early fusion can
occur in early endosomes through the cleavage loy & furin. It can also results from the
cleavage of S by an acidic lysosomal protease,dpath L after fusion of late endosomes
with lysosomes[48]. In (A) the basal content of BiiRate endosome /MVB would facilitate
at low pH the fusion between virus envelope and éhdosomal membrane. In (B) CQ,
known to increase pH in late endosomes/ lysosomédd@induce an accumulation of BMP
in late endosomes and multivesicular bodies (M), [73] would lead to the sequestration
of SARS-CoV-2 viral particles in MVB-like bodiesrdgjesterone is also known to induce the
accumulation of BMP in cells infected by HIV and\HViral particles are found to be

sequestred in MVB [103]. Moreover, progesterone wesently found to display some
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antiviral activityin vitro against SARS-CoV-2 [126]. Thus, the combined ¢ffexf CQ on
endosomal/lysosomal pH and BMP accumulation maultrés the impairment of SARS-

CoV-2 endosomal:lysosomal trafficking and possitdysequestration in MVB.

Clathrin-
mediated

Early fusion

/
( and

endocytosis nucleocapside @
release @
Early - @
endosome -Iéz— iéi‘

@B

Late endosome @® cQ (pH f BMP f)

Virus
MVE sequestration in
Late fusion and Progesterone (BMP f ) BMP-enriched

MVB-like bodies

\
4—@ Lysosome
O

Phagolysosome

nucleocapside release

8 Viral surface protein (S spike protein in SARS-CoV-2) W Cleaved fusogenic viral surface protein

Y Receptor (ACE2 for SARS-CoV-2) ( Clathrin ® BMP C, Cathepsin L = Acidic pH <5

@ BMP-containing intraluminal vesicles (ILV) Lipid bilayer F Furin pH =6

-42 -



