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Abstract: Enveloped viruses rely on different lipid classes present in cell membranes to accomplish
several steps of their life cycle in the host. Particularly for alphaviruses, a medically important
group of arboviruses, which are part of the Togaviridae family, cholesterol seems to be a critical
lipid exploited during infection, although its relevance may vary depending on which stage of the
virus life cycle is under consideration and whether infection takes place in vertebrate or invertebrate
hosts. In this review, the role of cholesterol in both early and late events of alphavirus infection
and how viral replication may affect cholesterol metabolism are summarized, taking into account
studies on Old World and New World alphaviruses in different cell lines. Moreover, the importance
of cholesterol for the structural stability of alphavirus particles is also discussed, shedding light on
the role played by this lipid when they leave the host cell.
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1. Introduction

Alphaviruses are arboviruses belonging to the Togaviridae family and are broadly
distributed on all continents, where they are transmitted between vertebrate hosts mainly
by mosquito vectors. Depending on where they occur, alphaviruses have been traditionally
classified as belonging to either Old World or New World types [1]. In general, Old World
alphaviruses, such as Ross river virus (RRV) and Chikungunya virus (CHIKV), are arthri-
togenic, while New World alphaviruses, such as Venezuelan equine encephalitis virus
(VEEV) and Eastern/Western equine encephalitis viruses (EEEV/WEEV), are encephali-
togenic [2]. The former group usually causes less severe disease and has lower mortality
rates in humans relative to the latter group, and, with few exceptions, there are no vaccines
or antivirals available to control these agents [1].

Alphaviruses usually have a wide spectrum of possible hosts, making the jump
between unrelated species a common event in the maintenance of these viruses in the wild;
most of the more than 30 known alphavirus species are transmitted alternately between
mosquito vectors and vertebrate hosts including humans, nonhuman primates, equids,
birds, amphibians, reptiles, rodents, and pigs [3].

Alphaviruses consist of enveloped particles about 70 nm in diameter containing an
unsegmented, single-stranded RNA genome of 9.7-12 kb enclosed by a distinct icosahedral
core and a transmembrane glycoprotein layer [3]. The virions are composed of three major
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structural proteins (C, E1, and E2) in a 1:1:1 stoichiometric ratio, producing a highly stable
and symmetrical particle, where the C protein is directly associated with the RNA genome
forming the nucleocapsid, while E1 and E2 proteins make up trimers of heterodimers on
the viral envelope [4]. Depending on the alphavirus species, three additional structural
proteins (E3, 6K, and TF) may also be present in the virion, but these are not required for
the particle to be infectious [5].

Although the alphavirus genome also codes for four nonstructural proteins (nsP1,
nsP2, nsP3, and nsP4), they are supposed to exist only during virus replication in the
infected cell, regardless of the host species, playing a critical role at this stage [6]. How-
ever, a recent study based on mass spectrometry surprisingly detected that nsP2 is also
incorporated within Sindbis virus (SINV) grown in multiple cells representing vertebrate
(BHK-21, HEK293, and HepG2 cells) and mosquito (C7-10 cells) hosts, suggesting a role
for this protein during packaging and/or entry of progeny virus. Furthermore, some host
proteins—such as sorting nexin 5 (SNX5)—were found to be associated with highly purified
SINV particles, although in lower abundance [7].

Particularly important for the structure and function of alphaviruses, the lipid compo-
sition of the viral envelope varies depending on whether replication took place in vertebrate
or invertebrate host cells, especially with respect to cholesterol [8].

2. Understanding the Role of Cholesterol in Biological Membranes

Since its discovery and isolation in the middle of the 18th century, cholesterol has been
extensively studied. With its intricate and complex biosynthesis system and metabolism,
the molecule initially attracted the attention of biochemists, and its structural and physical
characteristics have fascinated biophysicists. As an important membrane structural compo-
nent in eukaryotic cells, cholesterol plays a critical role in maintenance of the semipermeable
barrier between cell compartments, as well as in membrane fluidity. In addition to its
important structural role, cholesterol modulates the functions of membrane proteins and
the intracellular traffic of vesicles, participates in various transmembrane signaling pro-
cesses (such as via G-protein-coupled receptors), and acts as precursor in the biosynthesis
of vitamins and steroid hormones [9].

Mammalian cells can obtain cholesterol mainly via two routes. Cholesterol can be
synthesized from acetyl-CoA through the mevalonate pathway [10], which also leads to
the production of several isoprenoids, including farnesyl and geranylgeranyl lipids [11],
taken up by low-density lipoprotein (LDL) endocytosis [12]. In addition, cholesterol is a
key regulator of the mevalonate pathway in vertebrate cells [10]. Conversely, invertebrate
cells do not synthesize cholesterol de novo [13], and the final product in the mevalonate
pathway in insects constitutes juvenile hormones [14].

Cholesterol is distributed heterogeneously among cell membranes. In the plasma
membrane, it represents 20-25% of the lipids. It is also abundant in endocytic compart-
ments and the Golgi complex [15]. Conversely, the endoplasmic reticulum presents a low
cholesterol content (less than 1% of total cellular cholesterol) [16]. In addition, cholesterol
is important in the pathophysiology of different clinical conditions, such as in cardiac
pathogenesis and cerebrovascular diseases, in the various forms of dementia, diabetes,
and cancer, and in several rare monogenic diseases [15,17].

Recently, numerous studies addressed the role of cholesterol present in both the plasma
or endosomal membrane and the viral particle envelope for the success of some viral
infections. The infectivity of influenza virus [18] and human herpesvirus 6 (HHV-6) [19] is
affected by depletion of cholesterol from their envelopes. Vaccinia virus, varicella-zoster
virus, pseudorabies virus (PRV), and some arenaviruses were shown to be dependent
on plasma membrane cholesterol for its efficient internalization into host cells [20-23].
Dependence on cholesterol from the cell membrane and/or the viral envelope has been
demonstrated for different viruses, such as human immunodeficiency virus (HIV), herpes
simplex virus (HSV), and hepatitis C virus (HCV) [24-31]. The role of cholesterol in different
steps (attachment, fusion, and assembly) during flavivirus infection was addressed in a
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recent review [32]. Due to the importance of this lipid during viral infection, it is not
surprising that some viruses modulate cholesterol metabolism to increase their chances of
a more efficient infection.

In fact, during viral infection, cholesterol concentration in the host cell is modified,
leading to alterations in the activity of different enzymes of the mevalonate pathway
and favoring the formation of specific sites inside the host cell called “viral replication
organelles” [33]. These organelles show high levels of cholesterol and other lipids, func-
tioning as a viral replication-specific platform.

Cholesterol may be important in specific steps of viral infection and unnecessary
in others. The presence of cholesterol in the envelope of some viruses, such as hepatitis
B virus (HBV), is not required for virus binding to the host cell, but it is indispensable
for the entry process since it can be an important factor in the viral fusion process [34].
In another example, cholesterol molecules in the viral envelope are necessary for efficient
infection by canine distemper virus (CDV), while there are no changes in infectivity when
it is removed from the host cell [35]. Despite these observations, the cholesterol present
in either the cell membrane or the viral envelope contributes to replication by acting as a
key component in the entry of enveloped viruses. However, cholesterol present in the cell
membrane sometimes decreases the infectivity of some viruses, such as observed for rabies
virus (RABV), where a reduction in cell cholesterol content may promote an increase in
virus infectivity [36]. Overall, cholesterol may play an essential role at many stages of the
virus infection process, mainly during the early events that lead to particle internalization
(e.g., membrane fusion) and the formation of viral replication organelles [33,37,38].

3. Involvement of Cholesterol during Entry and Fusion of Alphaviruses

Alphaviruses enter into host cells through receptor-mediated endocytosis, followed by
fusion of the viral envelope and the endosomal membrane [39]. When these vesicles mature
in endosomes, the low pH inside them induces conformational changes in the envelope
glycoproteins. These alterations include dissociation of the original heterodimer formed
by E1/E2 glycoproteins and the consequent formation of homotrimers composed of E1.
Alphaviruses are dependent on the presence of specific lipids in the host cell membrane
so that the early events leading to nucleocapsid uncoating can occur. Among these lipids,
cholesterol stands out. The first step of viral infection is binding to specific receptors or
attachment molecules on the plasma membrane. Sometimes, these receptors/attachment
molecules are localized in regions with a high cholesterol content (lipid rafts) [40,41].
Although alphaviruses may use different receptors to gain access into different host cells,
these receptors do not seem to be localized in these regions. However, incoming particles
of Mayaro virus (MAYV), a New World alphavirus, can colocalize with vesicles containing
caveolin-1, an important raft marker, suggesting that alphaviruses can use domains with
high cholesterol content to enter into the host cell [42]. In addition, there was a report where
detergent-resistant microdomains (DRM), membranes derived from lipid rafts obtained
from living cells, interacted efficiently with MAYV particles [43]. These findings suggest
that alphaviruses may use cholesterol-rich domains for binding and internalization into
the host cell.

The fusion properties and cholesterol dependence of alphaviruses have been studied
in detail, mainly for the prototypical species Semliki forest virus (SFV) and SINV [44].
After internalization inside the endosome compartment, the E1 glycoprotein undergoes
low-pH-dependent conformational changes that lead to the exposition of a fusion peptide
and the interaction between the viral envelope and the endosomal membrane. Insertion
of the fusion peptide of SFV and SINYV is strongly favored by the presence of cholesterol
in the target membrane [45—47]. In fact, in line with these findings, a previous study
demonstrated that the E1 glycoprotein of SFV can directly bind to cholesterol, unlike that
observed for flaviviruses, suggesting a possible role of cholesterol in the interaction between
the viral envelope and the cellular membrane [48]. On the other hand, another study using
sterols with different capacities to promote microdomain formation showed that SFV
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and SINV do not require cholesterol-rich domains for fusion with target membranes [49].
Membrane fusion and cholesterol requirement were recently demonstrated for another
alphavirus, CHIKYV, where it was found that the fusion rate changes according to cholesterol
concentration [50,51]. Many of these studies on membrane fusion during the early events
of alphavirus infection were based on liposomes or other artificial membrane systems
composed of various lipids. Although they provide an important understanding of the
cholesterol requirement for membrane fusion, these models exhibit some caveats, such as
the absence of receptors and a high relative concentration of cholesterol.

Cholesterol dependence during alphavirus entry has also been demonstrated in cells
using methyl-p-cyclodextrin (MBCD), a drug that promotes cholesterol depletion from
membranes, or Cab-O-Sil, a colloidal silica used for cholesterol removal from serum [52],
using invertebrate cells that are cholesterol auxotrophs [13]. Several studies demonstrated
for SFV and SINV that cholesterol-depleted cells show a decrease of almost five logs in
the levels of this lipid compared with control cells [52-54]. It is worth mentioning that
cholesterol repletion reverses the inhibitory effect of its absence during viral infection [52].
Recently, the effect of cholesterol removal from the host cell on viral replication was
revealed for other alphaviruses, such as MAYV and CHIKYV [42,55], showing a cholesterol
dependence during the early steps of infection. Interestingly, this cholesterol dependence
is reduced in SFV mutants selected for growth in cholesterol-depleted cells (SRF—sterol
requirement in function), although such a variant has not been identified naturally [54].

Conversely, a study with Venezuelan equine encephalitis virus (VEEV), a New World
alphavirus, revealed a low sensibility to cholesterol depletion from mammalian cells during
virus entry and viral RNA release from late endosomes [56]. Moreover, studies performed
with CHIKV demonstrated a lack of correlation with cholesterol dependence in host cells
during viral infection [57]. Taken together, these data suggest that cholesterol dependence
cannot be a common characteristic for all alphaviruses and that host/viral factors should
be considered (Table 1). However, this apparent conflict of cholesterol dependence could be
explained not only by the different amino acids at position 226 that constitutes the ij loop of
the E1 glycoprotein, but also by the amino-acid composition of the adjacent sequence [53,54].
Indeed, at the beginning of the recent CHIKV outbreak, E1-A226 viruses were isolated;
however, as the epidemic progressed, E1-A226V mutants were preferentially isolated [58].
This mutation resulted in the virus becoming more dependent on the presence of cholesterol
in the mosquito cell (C6/36) membrane, in addition to increasing the virus’s capability to
replicate and disseminate into secondary organs of the mosquito vector [59]. However, it is
still not clear whether there is a correlation between the cholesterol dependence and the
increased fitness of CHIKYV in C6/36 cells. Other studies are necessary to understand the
effect of this mutation on viral fitness and contribute to the current knowledge regarding
the role of cholesterol during alphavirus infection in different hosts.

Table 1. Cholesterol requirement during different steps of the life cycle of specific alphaviruses.

Alphavirus * Binding Fusion Replication = Budding References
CHIKV ND + + ND [50,51]
MAYV + + ND ND [42,43]
SFV + + ND + [44-46,48,54,60,61]
SINV + + ND + [44,47,48]
VEEV - - ND ND [56]

* No data available for other alphaviruses. CHIKV, Chikungunya virus; MAYV, Mayaro virus; SFV, Semliki
forest virus; SINV, Sindbis virus; VEEV, Venezuelan equine encephalitis virus; +, required; -, not required; ND,
not determined.

4. Cholesterol Dependence during Post-Entry and Release Events of Alphaviruses

After binding to the receptor and entry of the viral particle into the host cell, the vi-
ral RNA is released and replicated. This process depends on intracellular membranes,
and abnormalities in lipid composition/metabolism are likely to impact viral production
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at multiple steps. These modifications can be observed by manipulating key enzymes
associated with the tricarboxylic acid cycle and mevalonate pathway, which modulate
cholesterol synthesis. Indeed, numerous studies shed light on the relationship between
lipid (specifically cholesterol) metabolism and arbovirus replication, mainly for members
belonging to the Flavivirus genus [32,62].

Although cholesterol plays a critical role during different steps of alphavirus replica-
tion, studies on lipid metabolism and alphavirus replication are scarce. The importance of
intracellular cholesterol during alphavirus infections was demonstrated through infection
of Niemann-Pick disease A fibroblasts (NPAFs) with SINV [63]. NPAFs accumulate large
amounts of cholesterol and sphingomyelin in the late endosomes and lysosomes localized
in the perinuclear region. Virions produced in NPAFs are 26 times more infectious than
viral particles budding from normal human fibroblasts (NHFs) [63]. However, virus in-
fection in NPAFs results in reduced levels of genomic RNA and a lower ratio of viral
subgenomic/genomic RNA, suggesting that the formation of replication complexes is
not accomplished and indicating the importance of cholesterol during this process [63].
Likewise, a study performed with CHIKV using the drugs U18666A and imipramine,
which led to cholesterol accumulation in endosome/lysosome compartments and an inhi-
bition of cholesterol biosynthesis, revealed that the virus is unable to replicate under these
conditions [64]. In parallel, during CHIKYV infection, nsP1 partitions into cholesterol-rich
DRMs, and its palmitoylated cysteines seem to be major players in this process [65]. It has
also been observed that alphavirus infection leads to the activation of phosphatidylinosi-
tol 3-kinase (PI3K)/protein kinase B (AKT), resulting in an increase in glycolytic activity
followed by a rise in acetyl-CoA concentration in infected cells [66]. The extensive and
rapid increase in glycolysis observed upon alphavirus infection may result in an increase in
cholesterol synthesis. Further studies must be conducted to ascertain this putative change
in cholesterol metabolism.

Recent proteomic data also indicated perturbations in cholesterol content during
CHIKY infection and suggested a downregulation at the level of gene expression of the en-
zymes associated with its metabolism/transport, such as hydroxymethylglutaryl-coenzyme
A synthase (HMGCS1) and 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGCR),
in different host cells [67-69]. In addition, these data are in line with recent evidence
showing an interferon-based antiviral mechanism, which impaired cholesterol biosynthesis
in SFV-infected cells [69]. Taken together, these data suggested that alphavirus infection
leads to a lower expression of key components associated with cholesterol biosynthesis,
unlike that observed for other arboviruses, such as flaviviruses [32].

Interestingly, components of the cholesterol biosynthesis pathway seem to be down-
regulated not only by alphaviruses that are pathogenic to humans, but also by alphaviruses
that have not been linked to human illness. The M1 strain of Getah-like alphavirus was iso-
lated from Culex mosquitoes and is known to infect horses and pigs [70,71]. Recent studies
demonstrated that M1 possesses selective and potent oncolytic activity, in addition to not
being pathogenic, leaving normal cells intact [72,73]. Regarding cholesterol metabolism,
more than 60% of genes associated with the cholesterol biosynthesis/mevalonate pathway
are downregulated during M1 infection in different cell lines [74]. Conversely, Salmon
pancreas disease virus (SPDV), an alphavirus that cause lesions in the pancreas, kidney, and
cardiac and skeletal muscles of the infected fish, seems to modify the expression of genes
involved in cholesterol metabolism [75,76]. Indeed, some gene transcripts involved at
different steps of cholesterol biosynthesis were slightly upregulated during the early stages
of SPDV infection [75]. It is worth noting that many of these experiments did not evaluate
the activity of key enzymes related to cholesterol metabolism. Thus, the upregulation of
transcripts, which leads to production of important enzymes in cholesterol biosynthesis,
does not definitively indicate an increase in their activity and, therefore, further studies
must be performed to elucidate the regulation of the mevalonate pathway at different
steps during alphavirus infection. The different effects on cholesterol biosynthesis in the
mevalonate pathway are shown in Figure 1.
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Figure 1. Effect of alphavirus infection on cholesterol biosynthesis. The mevalonate pathway (MVA) is a critical anabolic

pathway to cholesterol biosynthesis. MVA pathway metabolites are shown in blue boxes. Dashed arrows represent multiple

steps in the MVA pathway. The green symbol (+) denotes a stimulated pathway. The red symbol (-) denotes a blocked

pathway. In order to simplify the scheme, many reactions and their reversibility are omitted. FPP, farnesyl diphosphate;

HMG-CoA, 3-hydroxy-3-methylglutaryl coenzyme A; IPP, isopentenyl diphosphate; TCA, tricarboxylic acid cycle; SFV,

Semliki forest virus; CHIKV, Chikungunya virus; SPDV, Salmon pancreas disease virus.

Regarding alphavirus budding and release from the host cell, numerous studies
reported that cholesterol plays a critical role in these events [54,60,61]. Studies performed
with vertebrate and invertebrate cells demonstrated a similar requirement of cholesterol for
viral release during infection by SFV and SIN (Table 1) [54,60,61]. Budding of viral particles
is also restored by cholesterol repletion in infected cells. The inhibitory mechanism that
blocks the efficient budding of viral particles seems to be due to a rapid and continued
degradation of viral spike proteins in sterol-deficient cells [61]. However, more studies
must be performed with alphaviruses that infect vertebrate hosts other than humans to
comprehend the exact inhibitory mechanism associated with alphavirus budding.

5. Role Played by Cholesterol in the Alphavirus Particle

In general, the lipid composition of the viral envelope reflects that observed in the host
cell. Although some cells have a cholesterol / phospholipid molar ratio close to 1 [77], such a
parameter in alphavirus particles isolated from vertebrate cells is sometimes higher than
that found in plasma membranes [78,79]. Several studies demonstrated that cholesterol
plays an important role in the stability, lateral organization, and packing of lipids in biolog-
ical membranes [77,80,81]. Interestingly, the envelope of MAYV particles obtained from
mosquito cells revealed a high level of lateral organization, as well as virus particles isolated
from mammalian cells, despite the striking differences in cholesterol content (Figure 2) [82].
However, even though the envelope of viral particles isolated from vertebrate cells shows
a high cholesterol level, this lipid is not critical for the biological activity of alphaviruses as
it is for lateral organization of the viral envelope [82].

Concerning lipids other than cholesterol, alphaviruses such as SFV seem to have some
selectivity for sphingomyelin species with long fatty-acid tails during budding from the
host cell, since these lipids are up to fivefold more concentrated in the virus envelope than in
the host cell plasma membrane [83]. A recent mass-spectrometry-based study revealed that
SINV derived from mammalian cells has a substantially higher mass than SINV derived
from insect cells because there is a higher portion of lipids containing long-chain fatty acids
in the viral envelope [84]. As with the difference in cholesterol content, this difference
in the extension of fatty-acid chains could also influence organization of the lipid bilayer
and, ultimately, virus infectivity. Indeed, SINV progeny produced by mammalian cell lines
(e.g., BHK-21) may contain less than 2% infectious particles, being more than an order
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of magnitude less infectious than SINV produced from mosquito cell lines (e.g., C6/36),
as quantified by fluorescent foci-forming assays [84].

TRRDRDRDL
PN

HCCP from
mammalian
host

-

-———q---

Figure 2. Envelope lipid packing from alphavirus particles isolated from mammalian and mosquito
cells. LCCP, low-cholesterol content particles; HCCP, high-cholesterol content particles. Orange
denotes cholesterol and blue denotes phospholipids.

6. Concluding Remarks

Cholesterol is a key component of membranes in many different cell types. As viruses
take advantage of membranes for their entry, replication, and exit from host cells, choles-
terol becomes an important player in a range of infection processes for both enveloped and
nonenveloped viruses. These roles may be even more important for enveloped viruses
since their lipidic envelope is taken from the host cell when they bud from either plasmatic
or endoplasmic membranes.

Alphaviruses are enveloped viruses that enter cells via receptor-mediated endocytosis
and membrane fusion, releasing their RNA into the cell after endocytosis. During replica-
tion, membranous structures are assembled inside the cell, where virus protein synthesis
and RNA replication take place. New progeny particles bud from the plasma membrane
into the cell exterior carrying a small piece of the plasma membrane as their envelope.
Accordingly, the membrane and its composition are quite important in the entire infection
cycle of alphaviruses and, therefore, as is cholesterol. Cholesterol is not only important
as a component determining the membrane physicochemical characteristics, but also as a
molecular factor important for binding of viral surface proteins and their functions during
virus entry [44] or as a structural factor contributing to the stability of virus particles [82,85].
Figure 3 summarizes these distinct roles played by cholesterol molecules in the life cycle of
alphaviruses.
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Figure 3. Overview of cholesterol functions in the life cycle of alphaviruses. Cholesterol molecules
(orange circles) are required in different steps of both early (binding and fusion) and late (replication
and budding) events of alphavirus infection in the host cell.

Nevertheless, the many different functional roles played by cholesterol in the stability,
infectivity, and assembly of enveloped RNA viruses are not fully understood. Thus,
due to its importance in virus—cell interactions, cholesterol can also be an interesting
target in antiviral strategies [86], and pinpointing the influence of cholesterol on the
success of virus infection has become an area of great interest in recent years. Interestingly,
as arboviruses, the members of the Alphavirus genus are able to infect and replicate in
mammalian and insect hosts, organisms that show very different cholesterol requirements
in their physiology and, consequently, very different cholesterol concentrations in their
cells. Irrespective of the host cell and despite the quite different cholesterol content,
MAYV progeny particles were shown to be equally infectious and stable [82].

While the mild effects of alphavirus infection in invertebrate hosts suggest an ancient
evolutionary relationship between these viruses and the sterol-poor cells of these hosts,
the successful infection of vertebrate hosts and the production of infectious particles capable
of recycling between mammals and insects suggest that metabolic and molecular factors in
the latter’s cells should be able to overcome the cholesterol requirement of these viruses
presented in the current scientific literature. Once again, this indicates that this is an area
yet to be explored, which may lead to an understanding not only of the role of cholesterol,
but also of the lipid-lipid and lipid—protein interactions in viral infection processes.
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