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The anti-malarial drug Chloroquine (CQ) and its derivative hydroxychloroquine have shown antiviral
activities in vitro against many viruses, including coronaviruses, dengue virus and the biosafety level 4
Nipah and Hendra paramyxoviruses. The in vivo efficacy of CQ in the treatment of COVID-19 is currently a
matter of debate. CQ is a lysosomotrophic compound that accumulates in lysosomes, as well as in food
vacuoles of Plasmodium falciparum. In the treatment of malaria, CQ impairs the digestion and growth of
the parasite by increasing the pH of the food vacuole. Similarly, it is assumed that the antiviral effects of
CQ results from the increase of lysosome pH and the inhibition of acidic proteases involved in the
maturation of virus fusion protein. CQ has however other effects, among which phospholipidosis,
characterized by the accumulation of multivesicular bodies within the cell. The increase in phospholipid
species particularly concerns bis(monoacylglycero)phosphate (BMP), a specific lipid of late endosomes
involved in vesicular trafficking and pH-dependent vesicle budding. It was shown previously that drugs
like progesterone, the cationic amphiphile U18666A and the phospholipase inhibitor methyl arachidonyl
fluoro phosphonate (MAFP) induce the accumulation of BMP in THP-1 cells and decrease cell infection by
human immunodeficiency virus. HIV viral particles were found to be retained into large endosomal-type
vesicles, preventing virus spreading. Since BMP was also reported to favour virus entry through hijacking
of the endocytic pathway, we propose here that BMP could play a dual role in viral infection, with its
antiviral effects triggered by lysosomotropic drugs like CQ.

© 2020 Elsevier B.V. and Société Française de Biochimie et Biologie Moléculaire (SFBBM). All rights
reserved.
1. Introduction

The current outbreak of the COVID-19 has triggered various
strategies to fight against the infection by SARS-CoV-2 virus,
including the screening and repurposing of already available
approved drugs [1]. Among these drugs, the antimalarial drug
chloroquine (CQ; Fig. 1A) and its derivative hydroxychloroquine
(HCQ; Fig. 1B), have attracted much interest [2e4]. CQ had already
been tested in vitro against several coronaviruses [3] as well as
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many other viruses [2] and was found to be effective against SARS-
CoV-2 with an EC50 of around 1 mM [5]. A subsequent chinese study
found that HCQ is even more efficient than CQ in preventing SARS-
CoV-2 replication in vitro in Vero cells [6]. A recent preprint re-
ported however that HCQ showed antiviral activity in this latter
cellular model but not in a model of reconstituted human airway
epithelium [7]. Chinese studies have then reported that CQ could
reduce the length of hospitalization and improve the evolution of
COVID-19 pneumonia [8e10]. In spite of the in vitro efficiency of CQ
in preventing the replication of several viruses [3,11e13], the in vivo
efficacy in infected patients was not always confirmed [2] and CQ
was ineffective in the prevention of influenza [14]. Efficacy in SARS-
CoV-2-infected patients has been the topic of a virulent debate after
the recent claim that HCQ, in association with azithromycin, a
aire (SFBBM). All rights reserved.
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Fig. 1. Chemical structures of chloroquine (A), hydroxychloroquine (B),bis(monoacylgly-
cero)phosphate (BMP; C) and of the cationic sterol amphiphile U18666A (D). BMP is a
polyglycerophospholipid, consisting of two monoacylated glycerol molecules, com-
bined together through a single phosphate group. BMP is presented here with its two
acyl chains (18:1) bound to the b and b0 positions of the glycerol units, a structure that
is well accepted for intracellular BMP [75,76,86,87,106] and has been deduced from the
resistance of intracellular BMP to the action of a phospholipase A1 [76]. The cationic
sterol amphiphile U18666A is known to increase BMP levels in THP-1 cell cutures
[103].

Fig. 2. Electron microscopy of two different lysosomal fractions (A and B) isolated from
chloroquine-treated rat liver. ( � 20.000). Reprinted with permission from Refs. [52].
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macrolide antibiotic, accelerates virus clearance [15]. This study has
been criticized in light of the biases it suffered, that rendered its
conclusions poorly reliable for a large part of the scientific com-
munity. A randomized chinese study also provided support for the
favorable clinical evolution of patients treated with HCQ [10], while
subsequent clinical studies performed in both France and the US on
hospitalized patients showed no clinical benefit [16,17]. Altogether,
these studies advocate at best for a possible benefit of the treat-
ment provided that it is administered early after the appearance of
symptoms. More recently, a retrospective study on 96032 patients
from 671 hospitals in six continents could not confirm a benefit of
HCQ or CQ, when used alone or with a macrolide, on in-hospital
outcomes for COVID-19. These drug treatments were found to be
associated with decreased in-hospital survival and an increased
frequency of ventricular arrhythmias [18]. This study had imme-
diately a considerable impact on public health practice and ongoing
trials but concerns regarding the statistical analysis and data
integrity are already raised.

In these times of emergency, it is worth exploring quickly this
track and the mechanism of action underlying the anti-viral effect
of CQ. Here we highlight a possible connection between phos-
pholipidosis (Fig. 2), a known effect of CQ and other lysosomotropic
drugs leading to the accumulation of phospholipids in endocytic
organelles, the enrichment of these organelles in the unconven-
tional phospholipid bis-(monoacylglycero)-phosphate (BMP;
Fig. 1C) and the inhibition of viral particle endosomal trafficking
and dissemination.
2. Antiviral effects of CQ on several viruses and presumed
mode of action

The in vitro antiviral effect of chloroquine was first reported 50
years ago [19,20] and since then CQ was found to be effective
in vitro against many viruses including coronaviruses [2], dengue
virus [13], the biosafety level 4 Nipah (NiV) and Hendra (HeV)
paramyxoviruses [11,12,21], rabies virus [22], poliovirus [23], HIV
[24,25], hepatitis A virus [26], hepatitis C virus [27], influenza A and
B viruses [28e30], Sendai virus [28], Semliki Forest virus [28],
Chikungunya virus [31e33], Zika virus [34], Pichinde, Mopeia and
Lassa arenaviruses [35], CrimeaneCongo hemorrhagic fever virus
[36], Ebola virus [37], as well as a DNA virus like herpes simplex
virus [38]. In the case of HIV, an in vitro antiviral activity was also
reported for HCQ [39].

CQ was also found to be effective in vivo against dengue virus
replication in monkeys [40] and avian influenza A H5N1 virus
infection in mice [41], but was ineffective in the prevention of
influenza [14] and treatment of acute chikungunya infections [31]
in humans, as well as in the protection against Ebola virus infection
and disease in a guinea pig model [37]. CQ did not protect hamsters
against infection by NiV and HeV when administered either indi-
vidually or in combinationwith ribavirin [21]. In vitro, however, NiV
and HeV replication is impaired by CQ with an EC50 of 1 mM [12]. It
was proposed that the mechanism of action of CQ could be the
indirect inhibition of cathepsin L, a lysosomal enzyme acting at low
pH, that is essential for the processing of the viral fusion glyco-
protein NiVeF. Indeed, NiV entry, believed to occur only via fusion
with the host cell’s plasma membrane, can also occur through the
endocytic pathway of macropinocytosis that brings the virus to
lysosomes. There, CQ would impair the cleavage of the viral fusion
glycoprotein by cathepsin L by raising the pH of the lysosome [11].

CQ is effective in the treatment of malaria because it raises the
pH of Plasmodium falciparum food vacuoles, impairs the proteolytic
digestion of haemoglobin and thus prevents growth of the parasite
[42]. Similarly, it is assumed that the antiviral effect of CQ mainly
results from the alkalization of the phagolysosome or endolyso-
some [29], a cytoplasmic body formed in the process of phagocy-
tosis of a virus or a bacterium by the cell. Phagolysosomes are
essential for the intracellular destruction of pathogens, a process
that results from the fusion with lysosomes and the action of
lysosomal hydrolytic enzymes. A characteristic of phagolysosomes
and lysosomes is their acidic pH at which lysosomal enzymes
preferentially act. It thus appears counter intuitive to use a drug
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that increases the pH [43,44] and impairs the activity of lysosomal
enzymes. Nevertheless, the alkalization of intracellular bodies can
globally impact many cellular functions, including vesicular/endo-
somal trafficking [45], endocytosis, secretion, autophagy, apoptosis,
innate and adaptative immunity [46] and various signaling path-
ways [47] as well as the late fusion of viral envelop with the lyso-
some membrane that can be mediated by acidic pH [29] and/or the
cleavage of surface envelop proteins by acid lysosomal proteases
like cathepsin L [48]. It is largely admitted that these two latter
effects are the basis of the antiviral activity of CQ and other drugs
inducing a pH increase in lysosomes and late endosomes. This may
explainwhy a proton pump inhibitor like omeprazole has also been
identified in vitro as a drug candidate against SARS-CoV-2 [49].

3. CQ, a drug with multiple effects

CQ, like azithromycin, is a weakly basic compound that accu-
mulates in acidic organelles due to pH-partitioning and interaction
with negatively charged phospholipids. These kinds of drugs are
referred to as lysosomotropic [50,51]. Studies on the effects of
azithromycin and CQ on lysosomes and lysosome-dependent pro-
cesses have shown that both drugs accumulate in lysosomes, in-
crease lysosomal pH, reduce lysosomal enzyme activities, trigger
the accumulation of autophagic vacuoles, induce phospholipidosis
[52,53], i. e accumulation of phospholipids in cells and tissues, and
enlargement of lysosomes [3,4]. They also have an impact on fluid
phase and receptor-mediated endocytosis of ligands like ovalbumin
and low-density lipoproteins (LDL) that accumulate inside the cells
[54,55]. Therefore, these compounds can have a broad impact on
cellular processes. The biological activity of lysosomotropic drugs
can be partly due to their effects on lysosomal functions, regardless
of specific interactions with proteins or other targets. However, it
was also proposed that CQ could act through other mechanisms. It
could inhibit virus entry through the clathrin-dependent pathway
[36]. Very recently, it has been proposed that both CQ and HCQ
could inhibit SARS-CoV-2 infection through their ability to bind to
sialic acids linked to host cell surface gangliosides, thereby pre-
venting interaction between these co-receptors and the S protein
[56]. CQ could also block virus cell entry by impairing the terminal
glycosylation of the cellular receptor angiotensin converting
enzyme 2 (ACE2) thereby negatively affecting virus-receptor
binding as shown with SARS-CoV-1 [57]. Since ACE2 is also a re-
ceptor for SARS-CoV-2 [58], CQ may negatively influence the virus-
receptor binding and prevent the infection. Besides these effects,
CQ and azithromycin show anti-inflammatory activities in a num-
ber of cellular systems, with these effects likely resulting from the
inhibition of arachidonic acid release by cytosolic phospholipase A2
(cPLA2) and the subsequent inhibition of prostaglandin E2 syn-
thesis [59e62]. The mechanisms of these inhibitory activities have
however not been clarified unequivocally yet. Finally, CQ could
have an inhibitory effect on innate immunity sensor activation via
the endosomal nucleic acid-sensing Toll-like receptors (TLR7 and
TLR9), that are responsible for initiating the antiviral response of
plasmacytoïd dendritic cells (pDC) by triggering type 1 interferon-a
(IFNeI) expression, a mechanism that can further lead to the in-
duction of cytokine storm if it is not controlled [63]. Indeed, CQ is
known to suppress endosomal TLR activation [64] and to impair
BAD-LAMP (brain and DC-associated, lysosomal-associated mem-
brane protein) control of TLR9 trafficking to late endosomes and
production of pro-inflammatory cytokines in human plasmacytoid
dendritic cells [65]. CQ can therefore display two different effects: a
direct antiviral one and an indirect immunomodulatory one
through the inhibition of endosomal TLRs [66]. The latter effect is
targeted in the treatment by CQ and HCQ of autoimmune diseases
like systemic lupus erythematosus [64].
CQ can increase lysosomal/endosomal pH in two different ways.
First, it is a weak base that causes alkalization of endosome/lyso-
some lumenwhere its protonated forms are trapped [67]. Secondly,
CQ was found to be a competitive inhibitor of ion transporting
ATPases (Naþ,K þ -, Ca2þ- and Ca2þ,Mg2þ�ATPases) from enriched
microsomal membranes [68], which could lead to additional alka-
lization. CQ can thus alter the gradient of pH existing in the lumen
of organelles along the endocytotic pathway from early endosomes
(pH 6.0e6.6) through late endosomes (pH 5.5) to lysosomes (pH
4.5e5.0) [69] or along the secretory pathway from endoplasmic
reticulum (pH 7.4) through trans-Golgi network (pH 6.2) to secre-
tory granules (pH 5.5) [70,71]. The vast majority of articles describe
the effects of CQ on lysosomal pH. Those of HCQ are generally
inferred based on the high structural similarity between the two
drugs and on the similarity of the observed effects in vitro and in
clinical trials. Few studies have experimentally addressed the
ability of HCQ to trigger an increase in lysosomal pH. One such a
study [72] reports that HCQ has a lower interference on lysosomal
degradation capacity and induces less intensive vacuolization of the
cytoplasm compared to CQ. This may be the basis for the lower
toxicity of HCQ.

4. CQ-induced phospholipidosis and BMP accumulation

Alkalization and the subsequent inhibition of lysosomal phos-
pholipases A was proposed as one of the mechanisms by which
lysosomotropic drugs induce the intracellular accumulation of
phospholipids, e.g. phospholipidosis [73]. It has also been proposed
that cationic amphiphilic agents like CQ bind tightly to phospho-
lipids forming complexes which may be resistant to hydrolysis by
phospholipase A [74]. Oral administration of CQ to rats (100 mg/kg
for 1 week) results in up to 50% increase in liver phospholipid
content [52,73]. This dose is in the same order of magnitude of that
used to treat Covid-19 patients in clinical trials [15]. The increase in
liver phospholipids can be entirely accounted for by the presence of
secondary lysosomes and multivesicular (MVB) or multilamellar
bodies in liver cells (Fig. 2). Among all phospholipids, the accu-
mulation of the unconventional phospholipid BMP is particularly
pronounced with a 20-fold increase compared to controls [52,73],
while CQ-induced variations in major phospholipids are much
lower. Phosphatidylcholine (PC), phosphatidylethanolamine (PE),
phosphatidylglycerol (PG) and phosphatidylinosito1 (PI) are only
increased 1.4, 1.7, 5 and 1.7 times, respectively, compared to con-
trols [52]. The highest content in BMP is found in the liver lyso-
somal fraction from CQ-treated rats, which agrees with the fact that
BMP is mostly found in lysosomes and late endosomes. In partic-
ular, BMP accumulates in MVB and in certain subpopulations of
intraluminal vesicles (ILV or exosomes), where it accounts for 15%
and 70% of the phospholipid contents (mass %), respectively, under
normal conditions [75,76]. Thus, CQ treatment induces a clear in-
crease in BMP, a phospholipid involved in protein and lipid traf-
ficking through late endosomes, and which normally represents
less than 1% of total intracellular phospholipids [75,76]. BMP is
today recognized as a biomarker of phospholipidosis, either
induced by drugs like CQ and amiodarone [77] or associated with
lysosomal lipid storage diseases like Niemann-Pick disease type C
[78]. It has been hypothesized that BMP is involved in
phospholipidosis-induction and the subsequent cholesterol traffic
jam that leads to the formation of typical multilamellar bodies
(Fig. 2) [79].

The intracellular localization of CQ was determined in subcel-
lular fractions of treated rat liver and its distribution was found to
be similar to that of acid phosphatase and other enzymes that could
be involved in BMP synthesis [52]. Therefore CQ accumulates
where large amounts of BMP are found and where the enzymes



Fig. 3. pH-dependent effects of BMP in a model membrane. Panel A: compression iso-
therms (surface pressure versus mean molecular area) of mixed monomolecular films
of phospholipids at pH 5.5 and 8. All films formed at the air-water interface contained
PC, PE and PI at relative molar ratios of 6.25:2.5:1. When BMP was added to these films,
the relative molar ratios were 5:2:1:2 for PC, PE, PI and BMP (molar fraction of 20%)
which is similar to the relative proportions of the main phospholipids in the mem-
brane of late endosomes [75]. Other membrane lipids (phosphatidylserine, sphingo-
myelin and cardiolipin) present at lower levels were omitted; Panel B, schematic
representation of membrane curvature and inward budding in liposomes [86] and late
endosomes, induced by BMP and the inner acidic pH of late endosomes. The latter are
enriched in BMP [90] and BMP is preferentially found on the inner leaflet of the late
endosome membrane [75]. Adapted from Ref. [88], in which experimental details are
provided. NB: It is worth noting that these experiments were performed with the a, a0-
BMP isomer that differs from the intracellular b, b0-BMP isomer used for demon-
strating vesicular budding in lisosomes [86].
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presumably involved in its synthesis are found.
CQ was also found to induce phospholipidosis in various cell

cultures, including 3T3-L1K murine adipocytes [80], primary cul-
tures of rat hepatocytes [81], in mice J774A.1 cells [54] and MDCK
kidney cells [82], as well as in renal cells 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 into the acidic
lumen of late endosomes, a process that leads to the formation of
MVB [85]. Indeed, BMP is capable of inducing spontaneous inward
vesiculation using model membranes (large unilamellar liposomes
of 600e800 nm) with a phospholipid composition similar to that of
late endosomes (PC:PE:PI:BMP, 5:2:1:2 mol) [86]. Because this in-
ward budding was found to be pH-dependent and triggered at
acidic pH, it was proposed that it results from the alteration of
membrane curvature caused by transmembrane flipping of the
protonated BMP molecules. So far, however, no BMP flippase has
been identified [87]. Based on monomolecular film experiments
with individual phospholipids and amixture of PC, PE and PI ± BMP,
we proposed another hypothesis based on the pH-dependent sur-
face occupancy of phospholipids in the presence of BMP [88].
Indeed, at a surface pressure of 30 mN/m corresponding to the
lateral pressure in natural membranes [89], the presence of BMP
induces a decrease in the mean molecular area of phospholipids at
pH 5.5 compared to pH 8 (Fig. 3). Since BMP is enriched in the
membrane of late endosomes [90] and preferentially found on the
inner leaflet of this membrane [75] facing the acid lumen, the dif-
ferential molecular area of phospholipids on each leaflet of the late
endosome membrane could trigger membrane curvature toward
the acidic inside, budding of ILVs and formation of MVBwithout the
need for a transmembrane flipping of BMP molecules.

Whether the budding of ILVs is dependent on specific proteins
in vivo is not fully elucidated. It was observed that BMP-containing
liposomes mixed with cell homogenates could specifically recruit
apoptosis-linked gene-2-interacting protein X (Alix) [86], a cyto-
solic protein also found in exosomes [91] and phagosomes [92]. Alix
was found to control the ILV invagination process in vitro using li-
posomes [86] and the formation of BMP-containing endosomes
in vivo [86]. It was postulated that ILV and the delimitingmembrane
of MVB interact dynamically by means of membrane fission and
fusion events, and that this process is controlled, at least in part, by
pH and transient interactions between BMP-containing mem-
branes and Alix [86]. Noteworthy Alix contains a BMP binding site
in the Bro domain of the protein [93]. The fusogenic properties of
BMP are known to vary with pH (Fig. 4). They are maximum at
acidic pH and are very low above pH 6.5 [76]. Therefore, CQ, which
normalizes to 7.4 the pH of all acidic compartments in cells after a
30-min incubation at a concentration of 500 mM [94], might impair
BMP and pH-dependent fusion processes and probably disrupt the
endocytic pathway.

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

There are several in vitro studies establishing a link between
BMP, viral infection and virus entry through hijacking of the
endocytic pathway. A correlation between BMP and viral infection
was shown in the case of HeLa cells infected by Vesicular stomatitis
virus (VSV). VSV infects cells through the endocytic pathway, with
the release of its nucleocapsid occurring at the level of late endo-
somes [95,96]. The acidic late endosome pH triggers fusion of the
VSV envelope with endosomal membranes, allowing nucleocapsid
release into the cytoplasm and ensuing virus replication. It was
shown that siRNA-mediated down-expression of Alix reduces VSV
infection of HeLa cells, the number of MVB, as well as BMP levels by
around 50% [86]. It was proposed that cell infection by VSV is
reduced upon down-expression of Alix presumably because the
number of acidic late endosomes is decreased, as well as Alix-
dependent dynamics of late endosomal membranes, required for
efficient nucleocapsid release [86]. Other studies also suggested
that BMP, together with Alix, could favour viral infection and play a
key role in the early phase of dengue virus (DENV) replication.
Indeed, the levels of Alix, colocalized with BMP, were found to be
increased in human endothelial EA. hy926 cells infected by DENV
[97]. From these findings, it was proposed that the Alix-BMP
complex could be involved in the export of DENV proteins from
late endosomes to the cytoplasm. In line with this hypothesis,
DENV infectionwas found to be decreased after cell treatment with
an anti-BMP monoclonal antibody [97]. This antibody is known to
be internalized and to accumulate in late endosomes [98] where it
could impair the fusogenic effects of BMP and virus nucleocapsid
released into the cytosol. More generally, BMP and its partner
protein Alix are connected with the endosomal sorting complexes
required for transport (ESCRT) machinery that controls membrane
deformation and fission processes. This machinery is involved in



Fig. 4. pH-dependent fusogenic capacity of BMP measured from fluorescence emission
(l ¼ 515 nm) upon fusion of liposomes containing BMP and a fluorescent phospholipid
analog. Donor liposomes were prepared by mixing 74% DOPC, 21% BMP, and 5% of the
fluorescent b-BODIPY FLC12, 1-hexadecanoylphosphatidylcholine and acceptor lipo-
somes containing 67% DOPC and 33% BMP. Fusion was started by mixing donor and
acceptor liposomes at various pH, and analyzed by fluorescence emission at 515 nm
after excitation at 500 nm. The time course increase of fluorescence emission at
515 nm was recorded as an indicator of liposome fusion. The arrow shows pH 7.4, the
pH at which all acidic compartments in cells are normalized by incubation with CQ at
500 mM for 30min [94]. Adapted from Fig. 3 in Ref. [76].

Fig. 5. Effects of progesterone on BMP levels and viral replication in THP-1 cells infected by
HIV. Panel A: Relative increase in BMP cellular content upon treatment of THP-1
infected cells by progesterone versus control (ethanol as vehicle, 0.1% v/v final).
Hatched bars corresponds to BMP quantified by its fatty acid content determined
following HPLC purification and gas chromatography analysis from 50 � 106 cells.
Black bars: BMP content was measured by flow cytometry from 0.5 � 106 cells labeled
using the purified anti-BMP antibody 6C4 as primary antibody, Phycoerythrin (PE)-
labeled goat anti-mouse IgG as secondary antibody and the Mean Fluorescence In-
tensity (MFI) as quantification unit. In both cases, the amounts in the control were
normalized to 100. Panel B: Inhibition of HIV production in THP-1 cells treated with
progesterone (initial concentration at day 0 ¼ 10 mM). Residual HIV-1 RNA in the
culture supernatant was quantified at day 4 post-infection. Data in panels A and B are
mean ± SEM; * indicates a significant difference vs. control (p < 0.05). Adapted from
Ref. [103]. Panel C: Confocal microscopy images of HIV-infected cells, untreated (a;
control), or treated with progesterone (b) were taken from cells infected at 1:1000
ratio, stained with the FITC-labeled KC57 anti-HIV-1 antibody and examined using a
Zeiss 510 confocal microscope. For transmission electron microscopy (c, untreated
infected cells; d, progesterone-treated infected cells), cells were infected at a ratio of
1:2 to visualize enough viral particles. The images in panels e, g, and f, h are successive
enlargements of areas outlined in panels c and d, respectively. Bar: 10 mm (a, b); 1 mm
(c, d); 200 nm (e, f). Immature (i) and mature (m) viral particles are shown in panel g.
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sorting of downregulated signaling receptors and other proteins
destined for late endosomes and lysosomes, via the formation of
ILVs [87]. ILVs can be targeted to lysosomes for degradation, or
undergo back-fusion with the limiting membrane, a process anal-
ogous to the budding of enveloped viruses. These processes allow
to understand how enveloped viruses can hijack the endocytic
pathway in various ways [87]: 1) virus entry via its fusion with
endosome membranes leading to the release of the nucleocapsid
(Fig. 6), 2) virus replication via the formation of double-membrane
vesicles (DMVs) that provide an anchoring scaffold for viral repli-
cation/transcription complexes, a process shown for instance in the
case of Middle East respiratory syndrome coronavirus (MERS-CoV)
replication with viral protein palmitoylation serving as the mem-
brane anchor [99] and 3) viral particle budding and dissemination
outside the cell. The precise role of BMP in these viral processes is
not fully elucidated but it has been shown for instance that the
fusion of DENV [100] and VSV [101,102] depends on anionic phos-
pholipids including BMP.

BMP is however also associated with opposite effects on viral
infection. Indeed, we previously reported that increasing the
endosomal content in BMP by various approaches, including
treatment of human monocytic cell line THP-1 by progesterone
(Fig. 5A), the cationic sterol amphiphile U18666A (Fig. 1D) and the
phospholipase inhibitor methyl arachidonyl fluoro phosphonate
(MAFP), correlated with a strong decrease in HIV cell infection
(Fig. 5B) [103]. HIV viral particles were found to be retained into
large endosomal-type vesicles and no more viruses were visible in
the cell periphery, preventing virus spreading (Fig. 5C). Although
the fate of BMP-enriched endosomes in cells is not documented,
one can conceive that trapped viruses would be further degraded.
Another effect of progesterone was to inhibit macropinocytosis i.e.
fluid phase endocytosis-mediated virus entry [103]. It is also worth
noting that the cationic sterol U18666A shown to increase BMP
levels and to inhibit HIV production in THP-1 cells [103], was also
found to inhibit Ebola virus entry and infection in SNB19 human
glioblastoma cells at micromolar concentrations, while inducing a
Niemann-Pick C phenotype, i.e. the accumulation of cholesterol in
late endosomes and lysosomes [104]. On the contrary to other
lysosomotropic amines, U18666A has no impact on the acidity of
late endosomes/lysosomes and does not inhibit cathepsin L [104],
but it was shown to bind to the Niemann-Pick C1 (NPC1) lysosomal
membrane protein involved in both the export of cholesterol and
the cellular entry of Ebola virus [105]. The possible role of BMP was
not highlighted in these studies, but since BMP is tightly associated
with cholesterol transport [87,106] and is increased by U18666A
[103], it is likely that it is also associatedwith the antiviral effects on
Ebola virus. Cholesterol accumulation in membranes increases
membrane rigidity and prevents for instance fusion between
endosomes and lysosomes. This increase in endosome membrane
rigidity might also impair the fusion of viruses with the endosomal
membrane for releasing the nucleocapsid in the cytosol indepen-
dently of any change in endosomal pH, and it appears as a distinct
mechanism compared that of BMP. A protective function of late
endosome/lysosome cholesterol accumulation against influenza A
virus (IAV) has been established and suggested that the endosomal
cholesterol balance could be a possible antiviral target [107]. Since
BMP is involved in cholesterol homeostasis [90], these findings also
support a role for BMP in the antiviral response.



Fig. 6. Schematic representation of the cell entry of an enveloped virus through the endo-/lysosomal pathway and possible mode of action of chloroquine and progesterone towards SARS-
CoV-2 infection. It has been shown that coronaviruses can enter cells via clathrin-mediated endocytosis and their replication relies on trafficking through the endosomal pathway to
lysosomes. After interactionwith the target cell via a receptor (angiotensin conversion enzyme 2 (ACE2) in the case of SARS-CoV-2 [132,133]), virus internalization proceeds through
clathrin-mediated endocytosis [48](not yet demonstrated for SARS-CoV-2 to our knowledge, but speculated [112]). Then, the release of the virus nucleocapsid into the cytosol for
replication to occur depends on proteolytic cleavage of the virus envelop protein (S spike protein in the case of SARS-CoV-2). Upon cleavage the envelop protein acquires fusogenic
properties that allow membrane fusion between the virus envelop and endosome/lysosome membrane. This process can occur at different steps of the endo-/lysosomal pathway
depending on the virus and protease cleavage sites present in the envelop protein [48,134]. It was shown that the proteolytic cleavage site in the S protein of different coronaviruses
is an essential determinant of the intracellular site of fusion. This allows the virus to escape the endo/lysosomal system from different compartments. Early fusion can occur in early
endosomes through the cleavage of S by a furin. It can also results from the cleavage of S by an acidic lysosomal protease, Cathepsin L after fusion of late endosomes with lysosomes
[48]. In (A) the basal content of BMP in late endosome/MVB would facilitate at low pH the fusion between virus envelope and the endosomal membrane. In (B) CQ, known to
increase pH in late endosomes/lysosomes and to induce an accumulation of BMP in late endosomes and multivesicular bodies (MVB) [52,73] would lead to the sequestration of
SARS-CoV-2 viral particles in MVB-like bodies. Progesterone is also known to induce the accumulation of BMP in cells infected by HIV and HIV viral particles are found to be
sequestred in MVB [103]. Moreover, progesterone was recently found to display some antiviral activity in vitro against SARS-CoV-2 [126]. Thus, the combined effects of CQ on
endosomal/lysosomal pH and BMP accumulation may result in the impairment of SARS-CoV-2 endosomal:lysosomal trafficking and possibly its sequestration in MVB.
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BMP can therefore show opposite effects on viral infection. In
the studies on VSV and DENV, in which BMP favoured viral infec-
tion, its cellular content was however not as high as in cells treated
with CQ, which induces around 20 times higher levels than in
control cells [52,73]. The different effects of BMP might rely on its
concentration in late endosomes with subsequent rearrangements
of membrane lipids which would modify vesicular trafficking
within the cells. For instance, BMP associated with gangliosides can
form pH-dependent multilamellar bodies [108] which can recall
the multilamellar bodies observed in rat treated with CQ. The late
endosomal pH may be the key parameter that underlies the
opposite effects of BMP, which can favour virus entry at low pH on
one hand because of the fusogenic property of BMP, and block virus
vesicular trafficking on the other hand when a higher pH value
impairs BMP fusogenic capability (Fig. 4). Whatever the contribu-
tion of BMP, all these studies highlight BMP as a key marker of viral
infection via the endocytic pathway. Since treatment with CQ and
other drugs has a strong impact on BMP levels, it would be worth
investigating further the possible role of BMP in the antiviral ac-
tivity of these drugs.
7. Possible relationship between CQ and BMP accumulation

Besides its historical use in the treatment of malaria, CQ and its
analogs have demonstrated beneficial effects in many dermato-
logical, immunological, rheumatological and infectious diseases
[109]. Therefore, it is likely that more than onemechanism of action
is involved in all these therapeutic effects. CQ and its analogs have
been shown to act on lipid metabolism and homeostasis, with
plasma lipid-lowering effects in patients with systemic lupus ery-
thematosus, rheumatoid arthritis, dyslipidaemia and diabetes
mellitus. HCQ also reduces the plasma levels of cholesterol, tri-
glycerides and LDL and their clearance rate would be increased by
the up-regulation of LDL receptors [109]. Since the cellular inter-
nalization of LDL is one of the possible pathways associated with
phospholipidosis and the accumulation of MVB and BMP in cells,
CQ and its analogs could thus trigger the uptake of phospholipids
and BMP precursors necessary for the assembly of MVB mem-
branes. It is possible that the various effects observed with CQ,
including the increase in lysosome/late endosome pH and the
accumulation of MVB and BMP are tightly linked. In response to the
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increase in late endosome pH and its deleterious impact on BMP-
mediated membrane curvature and vesicular budding, the cell
could produce more BMP to maintain vesicular trafficking. Indi-
rectly, this would impact the virus course and retention within the
cell as seen with HIV and progesterone treatment [103] (Fig. 6).

In addition, CQ was shown to reduce expression of phosphati-
dylinositol binding clathrin assembly protein (PICALM), a cargo-
selecting clathrin adaptor that is involved in endocytosis rate
regulation [110]. Depletion of PICALM was previously shown to
inhibit clathrin-mediated endocytosis [110], i.e. the predominant
pathway for synthetic nanoparticle internalization [111]. In these
studies, CQ was shown to reduce nanoparticle uptake in macro-
phages by suppressing endocytosis. Based on the similarity in size
and shape between SARS-CoV-2 and commonly studied synthetic
nanoparticles, it has been recently proposed that one of the
mechanisms responsible for chloroquine-mediated effects against
SARS-CoV-2 may be a decreased cell ability to perform clathrin-
mediated endocytosis of nanosized structures due to PICALM
suppression [112]. The latter mechanismmight enhance/potentiate
the BMP-mediated mechanism that we herein propose.

8. Other drugs inducing BMP accumulation

CQ is not the only drug leading to phospholipidosis and accu-
mulation of BMP in lysosomes and MVB. Treatments of rats with
diazacholesterol [73] and 4,40-bis(diethylaminoethoxy)a,b-dieth-
yldiphenylethane [52] were also found to induce as much accu-
mulation of BMP as CQ. We have shown that progesterone (Fig. 5A),
the cationic sterol amphiphile U18666A and the phospholipase
inhibitor MAFP increase BMP levels 2.5, 1.7 and 1.25 times,
respectively, in endosomes of THP-1 monocytes [103]. The molec-
ular basis for the accumulation of phospholipids and especially
BMP in lysosomes and MVB is not fully understood. First, phos-
pholipid and cholesterol can reach the lysosomes either by (1) the
uptake of extracellular material such as lipoproteins which enter
the cell by adsorptive endocytosis [113] or surface transport [114],
or by (2) interaction with intracellular membranes (autophagy)
[115]. Examination of liver tissue following treatment with CQ has
shown evidence for increased autophagy [116e119], and it is likely
that the phospholipids that accumulate in lysosomes are mostly of
intracellular origin. Secondly, phospholipid modification and
degradation by lysosomal enzymes may be impaired. For instance,
MAFP could induce BMP accumulation in THP-1 monocytes [103],
presumably through the inhibition of lysosomal phospholipases,
including pancreatic-lipase related protein 2 (PLRP2) [120], an
enzyme also found in lysosomes [121], displaying phospholipase
A1 activity and active in vitro on a, a0-BMP and BMP precursors like
PG and bis(diacylglycero)phosphate (BDP) [88,103]. CQ might also
inhibit lysosomal phospholipase A activities by its ability to raise
the intralysosomal pH [43,44]. It has also been proposed that
cationic amphiphilic agents bind tightly to phospholipids and form
complexes which may be resistant to hydrolysis by phospholipase
A [74].

9. Conclusion

We propose that a mechanism involving BMP accumulation in
late endosomes and impairing vesicular trafficking of viral particles
(Fig. 6) could account for CQ reported antiviral activity against
SARS-COV-2 [5,15,122] and other viruses [2,11e13], at least in vitro.
In addition, the observed effects of progesterone on BMP accumu-
lation and reduction of HIV intercellular transmission [103], at a
concentration found in human placenta (10 mM), i. e about a
thousand times higher than in blood (1e50 nM) [123], might
explain why SARS-COV-2 has not been observed so far in amniotic
fluid (WHO sources; April 6, 2020). It also suggests that proges-
terone could provide to women a higher resistance to viral in-
fections. Progesterone was previously reported to protect adult
female mice from influenza A virus, but another mechanism
involving the epidermal growth factor amphiregulin (AREG) was
proposed [124]. Hence, the mechanism we suggest here may also
be associated with the fact that women show less mortality due to
COVID-19, in spite of a higher susceptibility to the infection then
men [125]. Since we submitted this article, a study published in
Nature reported that progesterone had some antiviral effects on
SARS-CoV-2 [126], which supports our hypothesis. Moreover, it is
worth mentioning that sex-dependent differences in the outcomes
of mice infection by SARS-CoV-1 were also reported previously
with a higher susceptibility for infection in males [127]. Further-
more, ovariectomy or treating female mice with an estrogen re-
ceptor antagonist increased mortality, indicating a protective effect
for estrogen receptor signaling in mice infected with SARS-CoV-1
[127].

Our hypothesis remains speculative in the absence of experi-
mental evidence showing that BMP is increased upon CQ treatment
of cells or patients infected by SARS-COV-2, but we hope that it will
trigger further studies for a better understanding of the mode of
action of drug candidates to treat COVID-19 and for targeting the
endocytic pathway as a therapeutic strategy to fight against viral
infections by enveloped viruses [128]. To explore further the BMP
track, it is worth mentioning that BMP is considered as a biomarker
of drug-induced phospholipidosis [78,129], with di-
docosahexanoyl BMP (di-22:6 BMP) being the molecular species
with the highest increase in sera where it is released by exosomes
and can be measured by mass spectrometry [130]. Similarly, di-
22:6 BMP is also high in Nieman-Pick disease, the most analo-
gous inherited lysosomal lipid storage disorder to drug induced
phospholipidosis [129]. Therefore, available assays could be
implemented in clinical trials.

Note from the authors: While this article was in revision, an
article raising similar hypothesis on the in vitro antiviral activity of
HCQ against SARS-CoV-2 was published in FASEB Journal. In that
case, the authors highlighted the Niemann-Pick disease type C
phenotype induced by HCQ and the accumulation of cholesterol
that could contribute to changes in membrane dynamics and
sequestration of viral particles in the endocytic pathway [131].
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