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Abstract: Recent COVID-19 outbreak has come into prominence the pathogenetic mechanisms
underlying the Biology and Biochemistry of viral infections. COVID-19 illness is brought about by
infection with the severe acute respiratory syndrome coronavirus SARS-CoV-2 [1,2], an enveloped
positive single stranded RNA virus (ssRNA+). From a lipidomics viewpoint, there is a variety of
mechanisms involving virus infection that encompass virus entry, disturbance of host cell lipid
metabolism, and the role played by diverse lipids in regard to the infection effectiveness. All these
aspects have currently been tackled separately as independent issues and focusing on the function
of proteins. Here we review the role of cholesterol and other lipids in in ssRNA+ and SARS-COV-2
infection.
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1. Introduction

Ongoing COVID-19 pandemic develops (July 2020) with devastating global consequences, both
for social organization and healthcare system. COVID-19 illness is brought about by infection with
the severe acute respiratory syndrome coronavirus SARS-CoV-2 [1,2], which is an enveloped
positive single stranded RNA virus (ssRNA+) [3]. The most abundant studies related to human
diseases induced by ssRNA positive virus referred to Picornaviridae, Coronaviridae and Flaviviridae [4].

This impact in a short time span has brought the Biology and Biochemistry of viral infection
mechanisms to reach momentum. The infection mechanisms have been described for other
unrelated viral families [5]. Most of them are DNA viruses and belong to groups I or II according to
he Baltimore’s classification. Within Picornaviridae, Coronaviridae and Flaviviridae, the most
studied virus are Rhino and Poliovirus (Picornaviridae), SARS-CoV, Middle East Respiratory
Syndrome Coronavirus (MERS-CoV), Hepatitis C virus (HCV), West Nile virus (WNV) and Dengue
virus (DENV). Nonetheless, some aspects regarding the influenza virus from the Orthomysoviridae
family, and the human immunodeficiency virus from the Retroviridae family, will be considered as
major knowledge that has been gained from the biological point of view as it is the virus entry
mechanism.

All ssRNA+ viruses belong to the Group IV in the classification of Baltimore [6]. They initially
infect mammal cells through the interaction of virus proteins with any given host cell protein.
Further fusion of the virus and host cell membranes is required for the viral genetic material to get
into the cell. Once inside the cell, the genomic and subgenomic viral RNAs are translated into the
virus proteins, which lead the virus replication, a process that involves modulation of the host cell
lipid metabolism [3,5,7]. Consequently, along with other features, current lipid studies about
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SARS-CoV-2 infection focus their research on membrane fusion and modulation of the lipid
metabolism of the host cell. These two processes are considered separated disciplines of the
infection.

The fight against the virus infection encompasses primarily the inhibition of the binding of the
viral spike protein to the host cell receptor protein. Consequently, most of current research focuses
on the role played by viral proteins and the lipid environment but regulation is being considered
secondarily [8]. Nevertheless, improving the knowledge on how the lipids are involved in the
mechanisms of infection may provide clues to develop treatments and better counteract the
virus-induced pathology [3]. To fill this gap, here we review the main aspects regarding the
lipidome regulation of the viral infection mechanism by ssRNA+ viruses, with special focus on
SARS-CoV-2.

2. Virus entry: lipid rafts and membrane domains
2.1. Membrane mechanical properties required for virus infection

The initial step in virus infection is binding of any viral structural glycoprotein to a receptor of the
host cell. The spike protein accounts for such function in coronaviruses (CoVs) and other enveloped
viruses. After the virus is attached to the host cell protein, the process of membrane fusion starts to
get the viral genome into the host cell. This process implies viral envelope and host cell membrane
fusion, for which an energetically cost-effective barrier should be overcome. Membrane fusion is
driven by the fusion peptide (class I) in coronaviruses, which is localized within the spike protein (S
protein) and becomes active after cleavage of the S protein at specific sites by host proteases [4,7,9].
A different mechanism of attachment and endocytosis drives the virus entry in the case of HCV. This
mechanism is more complex than that of coronaviruses and involves interaction of the virus
envelope E1 and E2 proteins (class II fusion loop) with several host cell proteins [10-12]. However, a
membrane fusion-driven pore is also required in HCV to deliver the viral genetic material into the
host cell cytoplasm.

Two main mechanisms of membrane fusion have been described: viral endocytosis by host cell
membrane (endocytic pathway), and both viral and host cell membrane fusion (non-endocytic
pathway). Membrane fusion has been described to proceed through the catalytic action of three
different types of fusion peptides or fusion loops of class I, II or IIl. These proteins afford the free
energy necessary to overcome the kinetic barrier due to repulsive hydration strength through
conformational changes. Most of the knowledge on the viral and host membrane fusion has been
gained from the influenza virus and its type I fusion peptide hemagglutinin. Detailed description of
the three fusion peptide-guided mechanisms involved in membrane fusion has been previously
reviewed in [13-15]. Bringing the viral and the host membranes into the required proximity (c.a. 20
A) for inducing the membrane fusion is a process that entails membrane curvature and changes in
the lipid bilayer phase. They are accounted for by the insertion of a hydrophobic region of the fusion
peptide, which requires dehydration of the inter-membrane space. Nonetheless, from experiments
with no-protein fusogens, like polyethilen glycol, it seems that membrane curvature stabilization is
not a key player in membrane pore opening. The calculated displacement of lipids in the outer
leaflet of the host membrane accounts for no more than 10% of the membrane area (about 3500 A?),
which does not represent a substantial energetic demand [14]. This energetic burden has been
demonstrated to be afforded by the cooperation of three fusion peptides in influenza virus
membrane fusion [16]; whereas two adjacent trimers of the fusion protein have been found to be
required in West Nile virus [17]. This fact points to the viral membrane curvature may not impose
constrain for proceeding to the hemifusion step with the formation of a steep curvature stalk, where
the outer leafleats are merged. By mesurement of electron density profiles through X-Ray reflectivity
in stalks formed from bilayers in a lamellar state with different lipid compositions, Aeffner et al. [18]
determined that the inter-bilayer separation should attain 9.00.5 A in order to facilitate dehydration
and promote stalk formation. These authors also found that increasing the relative proportion of
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nonbilayer-forming, cone-shaped lipids, like glycerophosphoethanolamine or cholesterol, favored
the stalk formation by reducing the hydration energy barrier and, possibly, by contributing with
their intrinsic negative curvature. As well, the energy required for dehydration was, in this study,
found to decrease with the length of the acyl chains in the glycerophospholipids. The hemifusion
stalk stage was, however, not detected by Gui et al. [19] using fluorescence and electron microscopy.
The results of this study show that such stage might be an unstable intermediate that is quickly
resolved towards the postfusion stage. Contrarily, localized point-like contacts were abundantly
visualized in this study, where the dimples formed in the target membrane, about 5 nm wide, were
drawn towards the virus surface. They were able to detect up to well-resolved four types of
virus-target ~membranes contacts at pH 55 and 525 using liposomes of
dioleylglycerylphosphatidylcholine, DOPC, with 20% cholesterol. At the lowest pH, a tightly contact
of the two membranes through an extended length of about 100 nm (catalogued by the authors as
type III) was the predominant interaction, whose abundance was increased by about 3-fold in
cholesterol-containing liposomes in comparison to only DOPC liposomes.

Using synthetic peptides that resemble the hemagglutinin fusion peptide and electron spin
resonance (ESR), Ge and Freed [20] found that the most relevant effect of synthetic fusion peptide
was the induction of highly ordered membrane domains, which came motivated by virtue of
electrostatic interactions between the peptide and negatively charged phospholipid headgroups. A
similar effect was reported for two putative fusion peptides enclosed in the spike glycoprotein of
SARS-CoV-1. It was found in this study that the inner water content in the lipid bilayer was dropped
by the insertion of the fusion peptide as a consequence of increased lipid packing, but only in
membranes containing negatively charged lipids, whereas only slightly altered in zwitterionic
dipalmitoylglycerophosphatidylcholine (DPPC) liposomes [21]. Additionally, the fusion peptides
created opposing curvature stresses in the highly bended membranes containing
nonbilayer-forming phospholipids. However, previous studies had pointed out that interaction with
the lipid headgroups was not an essential factor in reaching the membrane hemifusion state [14,22].
In SARS-CoV, the possibility of existing two fusion peptides that act in coordination has been
suggested [8]; one of the peptides would promote the dehydration process while the other one
would act in modifying/disturbing the lipid organization within the target membrane [19,21,23].
Hence, the catalytic role of the fusion peptide(s) is likely to tackle three properties of the target
membrane in the virus entry machinery: (i) dehydration of the intermembrane space for the fusing
membranes coming into the required proximity, (ii) to promote negative curvature to form the
hemifusion stalk, and (iii) To alter the lipid packing density which will be generated in the highly
curved local dimples of the stalk [15,21]. The effectiveness of these three processes is likely to depend
upon the membrane lipid composition. Further research is devoted to this issue, and new clues are
expected to come from electron and fluorescence microscopy [24].

2.2. Raft lipids related to virus entry

Because of the dominant phospholipid in the outer leaflet of most membranes is the bilayer-forming,
positive charged diacylglycerophosphatidylcholine (PC), the idea was early raised that the viral
docking to the receptor on the target cell and, consequently, the membrane fusion were likely to take
place at specific microdomains with particular lipid composition, the so-called lipid-rafts
[6,20,25-29]. A special characteristic of the lipid-rafts is the high content of cholesterol (Chol) [30-32].
Even though high content of sphingolipids and gangliosides is also a defining characteristic of lipid
rafts (Figure 1), direct in vivo visualization still remains unresolved [32].
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Figure 1. Relationship between the virus entry and replication with the lipidome. SREBP, sterol regulatory
element binding protein; SFA, saturated fatty acid. SARS-CoV-2 artwork was modified from a work from We
Are Covert, who allows anyone to use it for any purpose including unrestricted redistribution, commercial use,
and modification.

An unexplored possibility is that rafts do not have a permanent localized existence, but they arise
under the induction of certain proteins like the hydrophobic insert of the viral fusion peptide or the
fusion loop. This fact might be also responsible for bringing negatively charged lipids from the inner
leaflet of the bilayer to its outer leaflet by flip-flop mechanisms. This hypothesis would explain the
promotion of virus entry by the interaction of the fusion peptide with the negatively charged
phospholipid headgroups [18,20], as well as the kinetics of the membrane fusion [18]. A number of
studies have shown that increasing the relative concentration of Chol in the bilayer composition the
hemifusion step and pore widening are speed-up, whereas either depletion of Chol in the cell
culture medium or inhibition of Chol synthesis by statins was able to halt the viral infection at the
virus entry step [19-21,33,34]. The effect of Chol promoting membrane merging has also been
observed for Bis-(monoacylglycero)-phosphate (BMP) [19]. This particular phospholipid was shown
to be strictly necessary for Dengue virus (DENV) entry even at low endosomal pH [35]. As pointed
out above, the exact role played by Chol is not known in detail, but its intrinsic negative curvature
seems to be an essential characteristic in promoting the stalk formation during viral entry. However,
a recent study shows that the Chol action is likely to involve direct influence on the oligomeric state
of the fusion peptide after insertion into the host cell membrane, as well as the effects of the fusion
peptide on the membrane reorganization and dynamics [36]. In another recent study, a new
lipid-label-free methodology was used to measure the kinetics of influenza virus infection [37].
According to the results of this study, Chol is able to augment the efficiency of membrane fusion in
receptor-binding-independent manner. Nevertheless, the rate of membrane fusion was not altered.
This leads the authors to conclude that the positive effect of Chol in membrane lipid mixing is
related to its capability to induce negative curvature. Since membrane mixing was achieved in this
latter study without binding of the spike protein of the influenza virus to the host cell receptor, the
catalytic effect of the fusion peptide might run in an independent way in this virus. Cleavage of the
spike protein in SARS-CoV-1 seems also not to be necessary for the fusion peptide to become
fusogenic, but rearrangement of disulfide bridges in the S1 peptide after receptor binding are likely
involved in the conformational changes driving the fusion mechanism [36,38]. Contrary to these
latter results, which point to the fact that membrane fusion is independent of viral protein
attachment to its receptor, Guo et al. reported lipid-raft dependent viral protein binding with
suppression of viral infection if the lipid-rafts were disrupted with cholesterol drug-induced
depletion; lipid-rafts, as recognized by the caveolin-1 marker, were the membrane domain that
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co-localized structural proteins of the infectious bronchitis virus (IBV) but were not the
nonstructural proteins [28]. The question as to whether the lipid-raft domains may serve as
platforms to concentrate the proteins required for viral entry and, even though some evidence exists,
to activate signaling pathways inside the host cell still remains unsolved.

Sphingomyelins (SMs) are also typical lipids found in lipid-rafts, which contribute to make these
membrane microdomains detergent resistant [27]. The structure of a representative of this lipid class
is illustrated in Figure 2. The ganglioside GM1, a sphingolipid, is used as marker of lipid-rafts [27].
Sphingolipids (SLs) promote to an extent higher than Chol the liquid ordered phase in the outer
leaflet of the membrane bilayer because of the long saturated acyl chains they currently contain (R
group in Figure 2 may extend for up to 26 C), in addition to their capability to form intermolecular
hydrogen bonds [39]. A relevant function of lipid-rafts has been suggested to be the connection
between the events outside the cell with the pathways inside the cell, thus acting as ‘signaling
platforms’. With the aim of this function to be properly accomplished, lipid-rafts would act as
concentrators of specific transmembrane proteins, mainly receptors, whose compatibility with the
membrane phase would determine their selectivity. Thus, SLs would account for a role in connecting
the outer leaflet with the inner leaflet through their long saturated acyl chains. Regarding virus
entry, research has been primarily focused towards the role played by Chol, but a number of studies
have also enlightened the SM influence on this early step of viral infection. Displacement of Chol by
SMs and the other way round has been demonstrated, with the liquid-ordered bilayer phase being
preferentially determined by the interaction between SM and Chol. This interaction would be
controlled to a certain extent by the intracellular actin meshwork, which would also be responsible
for the compartmentalization of the membrane into lipid specific domains [40]. Furthermore, the
actin role is possibly extended to the routing of the viral genomic material towards the replication
place inside the host cell. Hydrolysis of SM by sphingomyelinases to render the corresponding
Ceramide (Cer) in specific membrane domains is proposed to regulate the dynamics of Chol in the
cell membrane, with progressive disassembly of Chol from the liquid-ordered phase and its
displacement. Because of the interaction of Cer with Chol has been suggested to be an apoptotic
regulator, it can be expected that viral proteins would act in recruiting Chol to displace Cer and to
avoid the programmed cell dead. This is added to the other characteristics conferred by Chol to the
membrane mechanical properties as discussed above. To study the influence of ceramide
Chol-containing PC plus PE liposomes on membraine fusion of Semliki Forest Virus (SFV,
Alphavirus family, Togaviridae), ceramide analogs have been used [41]. According to this
experiment, the role played by the 3-hydroxyl group and the 4,5-trans carbon-carbon double bond
of the sphingosine backbone were found to be essential in fussion process (Figure 2). In additon,
ceramide was the simplest SL to accomplish this significant contribution in mediating the fussion,
independently of the length of the acyl chain. More recently, a Ca?*-dependent pathway of infection
by the Rubella virus (RuV, Rubivirus family, Togaviridae) was demonstrated to proceed through
direct binding of the fusion loop in the viral E1 protein to SM/Chol enriched membranes [42].
However, treatment of host cells with sphingomyelinase proved that SM is exclusively required for
viral entry but is not for the further steps of viral replication. SM in the host cell membrane and acid
sphingomyelinase (ASMase) activity have also been shown to be required by the Ebola virus
(EBOV), a negative single stranded RNA virus belonging to the Filoviridae family, to get into the
host cell. The ASMase activity renders ceramide that provoques raft enlargement and membrane
invagination [43]. This study also showed that the virus was able to recruit both SM and ASMase to
the raft where the viral attachment was happening. Conversely, Bovine herpesvirus 1 (BoHV-1,
Herpesviridae family) seems to require SM in the virus envelope but not in the host cell [44]. The role
played by ceramides is rather contradictory as they may enhance or inhibit virus replication, but
this SL seems to be related rather to the viral replication phase [45-47]. In virus using the endocytic
pathway, as the Influenza virus or the Ebola virus, it has been shown that activity of
glucosylceramidase (GBA) is required for viral entry and membrane fusion through regulation of
endocytosis, but in a virus-dependent manner. It was also shown that trafficking of the epidermal
growth factor (EGF) to late endosomes was impaired in GBA-knockout cells, a fact that affects
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negatively virus entry through spoiling the endocytic pathway [48]. Indeed, co-clustering of the HA
attachment factor and EGF in submicrometer domains that overlap partially has been reported
recently [49]. Accordingly, there is evidence that SLs have a function in enveloped ssRNA viruses at
the early stage of infection through the viral entry modulation, but further research is still necessary
to unveil the exact mechanisms of SLs reactions.

(3pB)-Cholest-5-en-3-ol (Cholesterol)

1-octadecanoyl-2-acyl-sn-glycero-3-phospho-(1"-myo-inositol) (PI)

Figure 2. Schematic representation of the structure of the most relevant lipids in virus infection. Hydroxyl
(HO) and oxigen (O) atoms potentially involved in the interaction with the fusion peptide or fusion loop are
remarked in red in cholesterol and sphingomyelin. The basic ceramide structure is marked in blue in the
sphigomyelin structure. In phosphatidylinositol (PI), the hydroxyl groups that can be esterified with
phosphate at the positions 3, 4 and 5 of the myo-inositol group to render PIP (PI3P or PI4P), PIP2 (PI(3,4)P or
PI(4,5)P) and PIP3 (PI(3,4,5)P) are marked in red, blue and violet, respectively.

Some CoVs (HCoV-OC43 and HCoVHKU1), as well as influenza A virus (hemagglutinin, HA) and
other non-related viruses (i.e. non-enveloped simian virus 40 SV-40, of polyomavirus family), use
the sialoglycan moiety (9-O-acetyl-sialic acid) of gangliosides or glycoproteins located in membrane
lipid-rafts as receptors for the spike protein. The amino acid Trp90 in the domain A of the
HCoV-OC43 S protein was shown to be essential for receptor binding. However, despite the fact
that binding to 9-O-acetyl-sialic acid is required for membrane fusion, further interaction of the
virus protein with other host membrane sialoglycans or proteins is necessary to induce the
conformational changes leading to membrane fusion [50,51]. Conversely, formation of the complex
SV40 protein with the host cell ganglioside GM1 was found to be enough to induce membrane
curvature and invaginations necessary for membrane fusion [52].

As already discussed above, some studies have depicted the possibility that interaction of the fusion
peptide or fusion loop with negatively charged phospholipids on the host membrane might be
required for efficient membrane fusion [18]. In this regard, phosphatidylserine (PS) in the virus
envelope has been demonstrated to serve after externalization as virus co-receptor through the T
cell immunoglobulin mucin domain 1 (TIM-1) receptor in EBOV and other viruses, even in an
indispensable fashion [53-56]. In the study of Nanbo et al. [56], flipping of PS from the inner leaflet
to the outer leaflet of the cell membrane for virion adquisition and incorporation to its envelope is
proposed as a previous step to TIM1 binding. In herpes simplex virus (HSV), phospholipid
scramblase-1 (PLSCR1), after activation by HSV exposure, flips both PS and Akt to the outside of
the membrane in a Ca*-dependent mechanism. PS is restored to the inner leaflet 2 to 4 h after
infection to avoid apoptotic triggering [55], suggesting a different role for PS in relation to the
TIM-1 PS receptor. However, the function of TIM-1 as essential receptor for HAV has been disputed
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[57] due to quasi-enveloped HA virions (€HAV) were able to infect TIM1-knockout Vero cells to a
similar extent to naked HAV. Hence, the authors proposed TIM1 to be an accessory attachment
factor by binding PS on the HAV envelope rather than an essential virus protein receptor. In spite
of these contradictory data, PS seems to act in any way in virus attachment and entry in certain
virus families, at least contributing to an effiecient process, but the exact role may depend on every
virus or it may be complementary to other factors.

A phospholipid currently associated to the inner leaflet in lipid-rafts is phosphatidylinositol (PI), it
is a negatively charged phospholipid with important and versatil signaling functions (Figure 2)
[58,59]. Abundant data suggest that a derivative of PI, the phosphatidylinositol 4,5-biphosphate
(PIP2), accumulates preferently in liquid-disordered phases (L4) [8], where the Chol content is
presumed to be low, interplaying with PS, which is rather localized in liquid-ordered phases (Lo).

PIs play an essential role also in endosome maturation, which is a requisite for virus infection
of those using the endosomal pathway [49,59]. HIV infection, PIP2 has been proposed to coordinate
the actin cytoskeleton changes required for efficient virus entry in CD4+ T cells [60]; after virus
attachment to the host cell receptor, PIP2 is recruited to the binding membrane microdomain, and,
in this way, PIP2 controls the proteins’ reactions leading to actin polymerization. As well in HIV-1,
the requisite of PIP2 accumulation for the virus Gag protein to be properly anchored and stabilized
in the inner leaflet of the cell plasma membrane has been pointed out [61,62]. Two isoforms, o and
v, of the phosphatidylinositol-4-phosphate 5-kinase family type 1 (PIP5K1) have recently been
shown to participate in Gag stabilization by PIP2 through targeting the Gag precursor Pr555 to the
cell plasma membrane [63]. As commented above, interaction with the headgroup of negatively
charged phospholipids like PS or PI may also contribute to the dehydration process in the formation
of the hemifusion stalk by promotion of the inverted hexagonal phase in the lipid bilayer and
binding of Ca?* [18]. In in vitro experiments with COS-7 cells and multilamellar vesicles (MLVs),
unspecific binding of the Marburg virus (MARV) mVP40 protein to PIP, PIP2 and even PIP3 species
in MLVs, both in the presence or absence of PS, has been reported. In this study, it was also found
that with increasing PS concentration the association of mVP40 to MLVs rose up to a threshold.
Furthermore, adding sphingosine to reduce the negative charge load in the inner leaftet of the COS-7
cells decreased the binding level. These facts suggest that the electronic density, rather than the
specific lipid species, is a determinant factor for binding [64]. Activation of the PI3K pathway for
signaling is one of the most relevant features taking place for both entry and budding during
infection by a number of viruses [51,65-67]. PI3K converts PIP2 into phosphatidylinositol
3,4,5-triphosphate (PIP3). In addition to stabilizing proteins or serving as binding factor, PIP2 has
been shown to collaborate with Akt through the signaling pathway PI3K/Akt on avoiding apoptotic
events and thus keeping the host cell metabolically active for virus replication and budding [65-67].

All these results clearly bring to evidence that the lipid environment surrounding proteins involved
in virus infection has a relevant function in the virus entry mechanism. Different lipids are essential
for virus docking to the cell receptor either serving directly as (co)-receptors or providing the
appropriate environment (lipid-rafts) for the necessary reactions (e.g. membrane curvature). In
addition, virus, through specific protein conformational changes, takes advantage of several cell
signaling pathways controlled by diverse membrane lipids. This process allows virus to govern the
cell metabolism following endocytosis of the viral genetic molecules.

3. Lipid regulation in virus replication: viral factories.

After the virus or its genome gets inside the infected cell, ssRNA+ viruses and other enveloped ones
that replicate in the cytoplasm manage the cell metabolism to develop the replication scaffold, this
membrane structure bolstering the so called “virus factory’ [5,51,68-74]. There is consensus on that
functions of these structures are (i) to compartmentalise the diverse processes involved in viral
genome replication, its envelopment and structural protein assembly; (ii) to increase virion
concentration during budding before infecting naive cells; and (iii) to create a protected
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environment to scape of innate immune recognition of the viral components. Virus replication
imposes an extra-energetic expenditure to the cell metabolism. Hence, cell central metabolism is
orchestated by viral proteins to redirect towards the generation of energy enough and metabolites
that are required for virus replication. In particular, building the scaffold demands a high rate of
new lipid synthesis. Therefore, the lipid metabolism is hijacked by the virus proteins for the de novo
synthesis of fatty acids in order to generate the scaffold membranes, the replication complexes
(RCs), as well as for energy production in the fB-oxidation pathway in the mitochondria.
Concurrently, the cell metabolism needs to be kept above a threshold level to avoid exhaustion of
the host cell. Full understanding of the mechanisms and related factors involved in virus-host
interaction is a requisite for developing efficient antiviral infection therapies.

3.1. Viral replication complexes.

The scaffold structure raised for building the viral factory varies between different virus in their
morphology and, possibly, lipid composition. Flaviviruses develop a so called ‘membranous
network” (MN) in a spherule/invagination type, while does coronavirus through quarters-like
delimited by ‘double membrane vesicles” (DMVs type). Nonetheless, HCV (Flaviviridae) uses DMVs
instead [71] and, hence, this morphological separation may have exceptions or be somewhat
diffuse. An extended review of the different virus family-related morphologies of the MNs as well
as diverse factors influencing their formation can be found in [69]. It should be remarked that the
exact lipid composition of the RCs” membranes is not known in detail yet, although there is
evidence that their lipid profile differs from that of the organelles from which they are generated.
Enrichment of typical lipids like Chol, SMs and glycosphingolipids in lipid-rafts seems to be a
common feature of these MNs. The RCs’ membranes may be originated from the endoplasmic
reticulum (ER) in the perinuclear area, as for example in SARS-CoV and Faviviridae [69,72,74],
from the Golgi, giving rise to cytopathic vesicles (CPVs) as in Togaviridae and Picornaviridae [69],
from mitochondria (Nodaviridae) [73], or from the cell plasma membrane (CPVs in Alphaviruses)
[69]. However, vesicle trafficking between the ER and the Golgi organelles may contribute to an
undefinition in this regard. MNs, and in particular DMVs, are connected to the cytosol through a
pore, which is believed to serve as the gate to the replication scaffold for the requiered metabolites,
in particular nucleotides. This pore-mediated gate has not been detected up to date in SARS-CoV'’s
DMVs, a fact that raises the concern on how the required metabolites get inside the RCs. There is
evidence from a number of studies that DMVs are the site of replication, but it has also been shown
that DMVs can be developed irrespective of whether RNA replication takes place by the sole action
of the viral proteins, at least for HCV [75,76]. Viral non-structural proteins nsp3, nsp4 and nsp6 are
involved in DMV development in SARS-CoV-1 in a time-dependent manner, and correlating with
RNA replication. Timecourse events have been shown to run with initial formation of single
membrane vesicles (SMVs) during the first 2-4 h of cell infection, which futher evolve to DMVs 16 h
after infection, and they ultimately turn into multimembraneous vesicles (MMVs) close to the
cis-Golgi at the budding stage 36-48 h after infection, this latter transformation being coincident
with the formation of vesicle packets [69,72,73,77]. In HCV, NS5A seems to be enough for DMV
formation, but collaboration of NS3-5B is required for completing efficient DMVs, whereas NS4B is
likely the responsible of inducing formation of SMVs [71,74,76]. Even though particular hints can be
likely associated to every particular virus, there are common features shared by all ssRNA+ viruses
regarding RCs’ structure and buildup.

3.2. Lipid-related host factors associated to the RCs’ buildup

Enveloped viruses like ssSRNA+ viruses have a membrane lipid whose profile is different respect to
the original organelle membrane when the envelope is created. Since viral membrane is known to
be enriched in Chol, SLs and PPLs with saturated acyl chains, the DMV is believed to be also
primarily composed of such type of lipids. An unusual SL, dehydrosphingomyelin, along with
plasmalogens of PE, and PS were reported in HIV envelope [78]. A role for
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sphingomyelin-to-ceramide conversion has been proposed in WNV budding as its envelope was
found to be highly enriched in SM [79]. More recently, using multi-color super-resolution
microscopy and mass spectrometry analysis, a substantial increase in PIP2 (from 11% to 51%), and
PIP3 (from 0.01% to 0.13%), was reported in HIV membrane as compared with the plasma
membrane of the host cell [62]; this fact is related to the recruitment of Gag protein for efficient
membrane fusion as aforementioned (Figure 1).

However, the most striking and known lipid-related factor associated to the MNs’ development is
the PI4KIII signaling pathway. PI4Pa isoform, which is mainly expressed in the ER, has been shown
as a key factor for HCV replication, whereas the PI4KIIIf is found in the Golgi as required by
Picornaviruses and some HCV strains [69]. This enzyme interacts with the viral protein NS5A, and
disrupting this interaction prevents virus replication. The product of the PI4K enzyme is PIP4;
enrichment in this PI has been shown to act in different processes regarding virus replication:
membrane curvature, directly or indirectly through recluting Chol [80], glycosphingolipid transport
to the RCs through the FAPP2 protein [81], and protein concentration. However, conversely to
these studies, it has been shown that currently used inhibitors of PI4KIlla, enviroxime and
BF738735, actually exert its inhibition against PI3K [82]. Thus, this result points out a genomic
dependence on the PI kinases in HCV; or otherwise, the action on PI3K is rquired only at the entry
stage (see above). Enviroxime-like inhibitors have been shown to halt enterovirus replication
through the action against PI4Kp [83]. The de novo lipid synthesis has also been evidenced for WNV,
from the Flaviviridae family as HCV, to proceed in a PI4P-independent fashion and, concurrently,
not related to PI4KIII signaling [84]. There is no clear evidence of the PI4K signaling pathway has a
relevant function in MNs’ development. Hence, while PI4KIIIf was shown to be important for
SARS-CoV’s DMV formation [85], another study did not find its metabolite, PI4P, within the host
factors involved in SARS-CoV replication, and the authors attibute to PI4P a function rather in virus
entry. However, the authors of this latter study acknowledge that siRNA methodology may
provide false negatives [86,87]. Because DMVs are not common in healthy cells but they can be
observed during authophagy, it has been suggested that SARS-CoV and other coronaviruses use
the autophagy pathway for development of the DMVs; indeed it has been shown that nsp6 in MHV
or the equivalent nsp5-7 in arteriviruses, which hit the ER, can activate such pathway [73,88].
Nonetheless, DMVs are smaller than autophagosomes and, hence, they might be rather EDEsomes
enriched in PI3P and not follow exactly the same synthetic route [88]. The autophatocytic pathway
has also been associated to the start of HCV infection but it seems not to be necessary for the
infection to go on [76].

Similar to viral entry, Chol has been found to be also relevant in the RCs” membranes [73,76]. Up to
c.a. 9-fold enrichment of Chol was found in HCV-developed DMVs as compared to its content in the
ER membranes from which DMVs were originated [71]. A key protein in Chol metabolism
associated to non-vesicular transport is the oxysterol binding protein (OSBP). This protein has been
described to transport Chol to PI4P-enriched membranes, which would agree with its collaboration
in delivering Chol to DMVs with abundant content of this PI [71]. The ceramide transfer protein
(CERT) and the four-phosphate adaptor protein 2 (FAPP2) are known to undergo a similar fate in
HCV infection [76]. An important protein involved in cellular lipid homeostasis is the sterol
regulatory element binding protein (SREBP), a bHLH-zip transcription factor with three isoforms;
SREBP1c regulate expression of fatty acid (FA) biosynthesis genes, whereas SREBP2 transactivate
genes implied in Chol biosynthesis, intracellular lipid transport and lipoprotein import [89]. A
recent study shows that inhibition of SREBP with the retinoid derivative and RAR-a agonist AM580
prevents MERS-CoV infection by avoiding formation of functional DMVs [90]. In this study, the
lipid metabolism was the most affected pathway, with sterol biosynthesis being strengthened at
expenses of the glycerophospholipid metabolic pathways. Fast activation of the lipid biosynthesis
enzymes Acetyl-CoA carboxylase (ACC), fatty acid synthase (FAS), and HMG-CoA synthase
(HMGCS) was observed in such study, whose activity was partially blocked by AMS580 inhibition of
SREBP enzymes. Promotion of lipid biosyntheis after infection had already been pointed out for
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HCV in an elegant proteomics and lipidomics study [91]. HCV infection elicited changes in the
proteome of host cells that resembled the Warburg effect described in cancer cells towards lactate
production and support of continuous glycolysis; concurrently, up-regulation of citrate synthase
(CS) and other lipogenic enzymes 24h after infection was interpreted by the authors of the latter
study as indicative of re-routing of the TCA cycle for cytosolic accumulation of citrate, which would
be used in FA synthesis. Up-regulation of peroxisomal and mitochondrial FA oxidation pathways
paralleled the other metabolic changes. An increase in pro-apoptotic ceramides was observed in the
latter study as well; two possible interpretations were attributed to this finding, either a cytopathic
effect after cell cycle arrest over time enough to complete virus offspring, or a defense response of
the host cell to avoid infection spread.

4. Additional pathways of lipid metabolism affected in virus infection.

Remodelling of the lipid metabolism by virus infection may leave signals at the organism level even
some years after healing. The metabolome profile of patients undergoing SARS-CoV-1 infection
during the outbreak of 2002-2003 was assessed 12 years after overcoming the pathology [92]. An
outstanding result of this study regarding disturbed lipid metabolism was the elevation of
phosphatidylinositols (PIs) and lysophosphatidylinositols (LPIs) concentrations in serum, which in
turn correlated positively with the levels of very low-density lipoproteins (VLDL); higher
concentrations of products of the phospholipase Az (PLA:) like lysophospholipids (LPPLs) and free
arachidonic acid (AA) were also also found in patients as compared to healthy voluntiers, the level
of AA correlating with the ratio of LPI(18:0) to total 18:0-PIs. These results show a potential high
sensitivity of SARS-CoV patients to PLA:2 activity. In the general context, the patients’ metabolome
pointed to hyperlipidemia, cardiovascular abnormalities and glucose metabolism alteration; even
though the authors acknowledge that some metabolic disturbations are likely owed to the
pharmacological treatment. High levels of PLA:2 group IID (PLA2G2D) in lungs of middle-aged
mouse as compared to young mouse had previously been associated to a fatal or worse outcome
[93]. The authors of this study conclude that the negative influence of this enzyme in SARS-CoV
infection was to increase the concentration of anti-inflammatory lipid mediators, mainly
protaglandin D2 (PGD2), which impaired the efficient function of the immune system [94]. In the
recent SARS-CoV-2 outbreak (COVID-19), mortality has mostly affected aged people above 60 years
old, thus showing an age-related fatality as for SARS-CoV-1 and MERS-CoV [95]. Using a lipidomics
approach, the effect of HCoV-229E and MERS-CoV infection on the host cell lipid profile was
recently investigated in cell culture [96]. Main conclusions of this study agree with the rised content
of AA and LPPLs through PLase activity, which points out that possible virus-induced activation of
cPLA: favors virus replication as a factor required for DMVs’ formation. In this study, linoleic acid
(LA) or AA supplementation to the culture cells suppresed replication, demonstrating the
perturbation of the LA/AA axis on the lipid metabolism.

In the COVID-19 outbreak it has been suggested that increasing the levels of vitamin D could help
fighting against the SARS-CoV infection [97]. This suggestion is based on the fact that
25-hydroxyvitamin D3 was found to protect Huh?7 cells against MERS-CoV [90]. Vitamin D is a lipid
related compound belonging to the group of fat-soluble secosteroids, with the most important form
in humans being vitamin D3 (cholecalciferol) [98]. In a recent study, high doses of vitamin D have
shown protective effect against DENV infection through regulating Toll-like receptor expression and
modulation of pro-inflammatory cytokines release, suggesting that its action is focused towards the
immune system modulation rather than to lipid metabolism [99]. However, evidence on the
beneficial effects of vitamin D uptake is still poor and more studies are devoted to this issue.

Lipids, as components of membranes, are related to viroporins, specific viral proteins that are
known to create ion channels for ion trafficking [100-102]. The effect on cell metabolism of diverse
viroporins differs among them but there is evidence that they are closely related to viral pathogenity
[100]. Viroporins may play a relevant role during virus infection as they are involved in membrane
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permeability and calcium homeostasis. Their participation in the develpment of vacuoles from the
ER during the DMVs’ formation has been suggested, but data on this issue still scarce. Regulating
Ca? viroporins could favor the membrane fusion through the interaction of this cation with the
phospholipid headgroups and, concurrently, facilitating the required dehydratation reaction.
Viroporins are not required for virus replication with the exception of rotavirus and picornavirus;
concerning whether this function is exerted through the ion channels or another property of
viroporins remains still unknown [100]. The lipid composition of the membrane may influence the
viroporin activity, leading to different versions of ion channels depending on the electric charge that
the phospholipids confer to the membrane and curvature [102]. Further research is necessary to
understand the role played by viroporins in virus infection in order to consider them as potential
therapeutic targets.

5. Conclusions

Remodelling of the virus-induced host cell lipid metabolism is a standing-out feature of the viral
infection. Main actors are well known to be Chol, SLs, and PIs, but other lipid species and their
related pathways like the LA/AA axis are also relevant. How to target the lipid metabolism in a safe
manner to avoid virus infection or reduce its pathogenity is a promising therapeutic tool, but it
demands improving the knowledge on the actual pathways that are affected over the virus life cycle.
The exact mechanism through which the enzyme inhibitors act on the key enzymes of lipid
metabolism is also required to develop more efficient and safe therapeutic drugs. Because lipid
metabolism is essential for proper cell function, selective drugs targeting the virus or exclusively the
infected cells have to be used to avoid dangerous side-effects.
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