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ABSTRACT

This review considers the observations concerning the interactions of
influenza virus with cholesterol and consequences of these interactions
for the host cell. There are at least two crucial “touch points”, when
influenza virus deals with cholesterol. First, cholesterol is required for
influenza virus entry into the cell. Second, during budding, when new viral
particles form their envelopes from plasma membrane of the infected cell,
selectively acquiring “raft lipids”, cholesterol and sphingolipids. This may
involve significant losses of lipids and especially cholesterol in the host cell
membrane, which may cause dysfunction and death of the infected cell.
The interaction of viral proteins with cell membrane cholesterol may be
mediated by cholesterol-binding motifs in viral proteins. There is
experimental evidence indicating that a peptide derived from influenza
virus protein M1 and containing cholesterol-binding motif is indeed
cytotoxic, and that lowering the membrane cholesterol concentration
considerably reduces the concentration of the peptide’s cytotoxic effect.
This may call into question the appropriateness of using cholesterol-lowering
agents to reduce influenza virus infectivity and productivity. In the conditions
of reduced cholesterol, any infection with enveloped virus sequestering
cholesterol from cell membranes may be detrimental, as further lowering
cholesterol level in cell membrane during virus budding may lead to cell
damage. Perhaps to minimize the virus infectivity and the consequences of
the massive virus budding, advantageous can be alternative approaches,
such as a search for and design of agents that would selectively interfere
with cholesterol-dependent virus—cell interactions and inhibit or prevent
them. Understanding the mechanisms and consequences of these
interactions should be useful in the developing of new antiviral drugs.

Keywords: influenza virus, protein M1, cholesterol, raft lipids, cell

membranes, statins.
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Introducution
Influenza epidemics can occur several times a

year, causing severe complications and
deaths. Vaccination is regarded to be one of
the most effective means of preventing
influenza. However, the antigenic variability of
viruses makes it

influenza necessary to

periodically review the composition of
influenza vaccines. WHO publishes annual
recommendations on influenza  vaccine
formulations and provides training through
the OpenWHO influenza prevention and
control course (see
https://www.who.int/publications/i/item/978
9240058224 as well as

https://www.cdc.gov/flu/professionals/vaccin

ation/vax-summary.htm)'.

The need for annual vaccination and changes
in vaccine formulations, and increased
vulnerability of people before the first
vaccination, as well as the potential for severe
complications from vaccination in some groups
of people necessitates the search for additional
ways to prevent the infection and relieve the
virus-induced diseases induced by influenza
virus, as well as by other enveloped viruses
such as SARS-CoV-2. This review proposes to
consider how influenza virus interacts with
host cell cholesterol and what the consequences

of this interaction are for the infected cell.

The influenza virus life cycle includes the
following major steps: virus entry into the cell,
replication, assembly and exit from the cell by
budding. This is also characteristic of many other
enveloped viruses?®. The entry step comprises
virus binding to a target receptor on a cell
followed by fusion of the viral envelope with
the host cell membrane and release of the

viral nucleic acids into the cytoplasm. At the

replication step, the nucleic acid is replicated
in cytoplasmic organelles and viral proteins are
synthesized. At the assembly step, viral proteins
and nucleic acids are packed into a viral particle
and the viral envelope is formed. At the egress
step, mature viral particles leave the cell through

the cellular membrane.

Some interactions of various enveloped viruses
with the cell during penetration, assembly,
budding, and exit are known to depend on
the presence of cholesterol and lipid rafts in the
membranes of the host cells®®. This has been

9-15

shown for coronaviruses’", immunodeficiency

viruses'®?!, herpes?, Newcastle disease virus?,

25-27

rotavirus?, as well as hepatitis C virus and

some other viruses of the Flaviviridae family?®#
(Yellow fever virus, Zika virus, Dengue virus,
West Nile virus). The cholesterol dependence

of virus—cell interactions has also been

demonstrated for influenza virus?*%°

There are at least two crucial “touch points”,
when influenza virus deals with cholesterol: it
is first required for influenza virus entry into
the cell’*°*¢ and then, during budding, when new
viral particles form their envelopes from plasma
membrane of the infected cell, selectively
cholesterol and

acquiring  “raft lipids”,

2,31,32

sphingolipids**'~*, similar to other enveloped
viruses® . This review addresses two questions
regarding influenza virus-cholesterol interactions:
what are the mechanisms of cholesterol
recognition and binding by viruses, and what
are the consequences of these Vvirus-
cholesterol interactions for the host cell.
Answers to these questions can be worthwhile
for the development of new antiviral drugs
that control virus-cholesterol interactions and
prevent virus entry and virus-induced host cell

damage.
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Cholesterol and rafts are required

for influenza virus entry

Virus entry is a process resulting in the release
of the viral gene material into the cytoplasm
of the cell. This process involves virus
attachment and recruitment to the cell surface
followed by either fusion of viral envelope
with plasma membrane or by endocytic uptake
of the virus. In the latter case, the internalized
viruses are delivered to endosomes or other
intracellular organelles, where fusion of viral
envelope and endosome membrane occurs
released into the

and viral material is

cytoplasm?42¢414> |nfluenza virus employs the

2364345 Influenza

endocytic entry mechanism
virus particles, bound to cell surface sialic
acid, are internalized by receptor-mediated
endocytosis and viruses possessing cleaved
hemagglutinin (HA) undergo fusion with the

endosomal membrane at low pH (pH ~5.0).

It has been shown earlier in many works that

influenza virus requires cholesterol and
sphingolipids in the target membrane for
fusion pore expansion and that the influenza
virus hemagglutinin transmembrane domain
associates with membrane microdomains
enriched with cholesterol and sphingolipids
(rafts), or detergent-resistant membrane domains
(DRIM)278:46:50,
expressing insect cells with naturally low levels

labelled
erythrocytes, and cholesterol enrichment of

As shown*, hemagglutinin-

of cholesterol could fuse with
the hemagglutinin-expressing  virus-mimicking
cells promoted both lipid mixing and fusion
pore expansion. The authors hypothesized that
cholesterol may promote the formation and
growth of contact sites between membranes and
then enhance fusion efficiency by promoting

fusion pore expansion.

The involvement of cholesterol and rafts at the
endocytic stage of the influenza virus entry
was also demonstrated in*’. The authors used
ganglioside 1 (GM1)-cholera toxin-based lipid
raft staining and biochemical raft isolation and
showed that Influenza A viruses select host
membrane rafts for polyvalent host binding. By
applying methyl-B-cyclodextrin  (mBCD) to
extract cell cholesterol leading to raft disruption,
the authors demonstrated a significant reduction
in attachment of viruses in cholesterol-depleted
cells. Besides, mpBCD inhibited raft-dependent
endocytosis, which the authors identified as an
additional internalization route for influenza virus.

Cholesterol and rafts are also critically

required for the cell entry of as many other

viruses®'®

, and cholesterol-rich rafts participate
both in virus attachment to the cell surface
and in the endocytic and non-endocytic
mechanisms of virus entry to the host cells. It
was generally agreed that virus binding with a
cell and consequent fusion with cell membrane
occurs in these membrane microdomains,
where cell receptors could concentrate, increase
their local density, and enhance interactions
of virus with the host cell, promoting productive

283035434757 The issues concerning

viral entry
the importance of the host cell membrane
cholesterol and rafts at different stages of the
life cycle of influenza and many other enveloped
have been addressed in

viruses many

experimental works and reviews?81%17.21:27:33,586>
An example is coronavirus: Glende et al'
showed that removal of cholesterol from cell
membranes using mBCD reduces the efficiency
of infection of cells with the SARS-CoV. The
authors also reported that the cellular receptor of
the SARS-CoV virus, angiotensin-converting
enzyme (ACE2), is colocalized with Flotilin2

and LAMP2, the protein markers of rafts.
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Thus, the process of influenza virus entry into the
cell, from virus attachment to fusion of viral
envelop with host cell membrane and release of
the viral content into the cell cytoplasm, depends
on cholesterol and rafts. This is true for many
other enveloped viruses, and the mechanism

of this dependence deserves further study.

Formation of viral envelope,

cholesterol recruitment, and what

it costs to cells

To leave the cell, the influenza virus employs the
budding mechanism, during which viral particles
acquire their envelopes from cell plasma
membrane. In the process of viral morphogenesis,
viral core (ribonucleocapsid, vVRNP) and matrix
protein M1 are brought to the assembly site,
i.e., the cytoplasmic surface of the apical plasma
membrane in polarized epithelial cells?®3"¢¢.
Transmembrane viral proteins are also transported
to the assembly site on the plasma membrane.
Both hemagglutinin and neuraminidase possess
apical sorting signals and use lipid rafts for cell
surface transport and apical sorting. There the
viral envelope surrounding the viral core is
formed from the host plasma membrane as a
bud, and virus particles released with the closure
of buds. Viral lipids, derived from the host plasma
membrane, are selectively enriched in “raft”

lipids — cholesterol and glycosphingolipids.

Quantitative analysis of the lipidomes of the
influenza virus envelope budding from the
host Madin-Darby canine kidney (MDCK) cells
performed in*" showed that the lipidome of
the viral particle was significantly different
from that of the cell apical membrane. The
virus membrane exhibited higher levels of
sphingolipids and cholesterol compared with

the donor membrane at the expense of

phosphatidylcholines. The sterol level in the
viral particles was about 52 mol%, which
exceeded the cholesterol level in the apical
membranes of uninfected cells (ca. 45 mol%).

The ability to selectively withdraw raft lipids from
host cell membranes is not a unique property of
influenza virus but is inherent in many enveloped
viruses such as togaviruses, rhabdoviruses,
paramyxoviruses,  orthomyxoviruses, and
retroviruses, including immunodeficiency viruses
(HIV)3516438770 For example, HIV-1, like influenza,
selectively buds from membrane domains
enriched in cholesterol and sphingolipids (rafts),
and the level of cholesterol and sphingolipids
and the cholesterol/phospholipids ratio in the
viral envelope is higher than in the plasma
membrane where they originate, and notably
higher than in the intracellular membranes'¢%.
This process also involves selective acquisition
of raft lipids by viral envelope. Other enveloped
viruses, instead of plasma membrane, use
endoplasmic reticulum (coronaviruses”" and

28,29)

flaviviruses or/and a Golgi complex
(bunyaviruses) or have more complicated budding
scenario (e.g., herpes simplex virus®), still use
host membrane rafts for budding and concentrate
cholesterol in the viral envelops. For example,
in the bovine viral diarrhea virus (BVDV) of the
Flaviviridae family, budding from the endoplasmic
reticulum (ER), the content of cholesterol,
sphingomyelin, and hexosyl-ceramide in the
BVDV particles was shown to be more than
twofold higher than in the infected cells®.
Similarly, coronaviruses (SARS-CoV-2) are also
assembled and make their cholesterol-rich

envelopes in the ER”™.

What are possible consequences for the cell
of such budding? According to estimates based
on in vitro experiments on MDCK cells’’, one

virus-infected cell produces on average about
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10 viral particles (15,000). Although not all of Membrane—protective role of

them are infectious, all viral particles have the
membrane envelope. Using the particle
average diameter 100 nm and assuming a
spherical shape, we can calculate the surface
area using the formula for the surface area of
a sphere (nd?). This gives a particle surface
area of about 3 x 10* nm? (31,400 square
nanometers), so 10 thousand particles (107)
will require 3 x 10° nm? of the membrane.
Surface area of a spherical cell with diameter
20 pm (2 x 10* nm) is about 12 x 108 nm?; this
means that, potentially, 10 thousand viral
particles can take away 25% of the cell
membrane. And since the virus mainly takes up
lipids of a certain type (particularly cholesterol),
we can expect that unless the cell can quickly
restore this loss, the lipid composition of the
cell membrane will be significantly altered,
and the cell may be damaged. This is in fact
supported by the observations of Frensing et
al’’: Simultaneous to the decrease in the
production of infectious particles, the adherent
MDCK cells detached from the bottom of the
cell culture flask and their viability decreased.
Most of the cells were found in the supernatant
at 28 h after infection, when the production of
total virus particles also declined. It is conceivable
that one of the reasons for the decreased
production of viral particles is the loss of
cholesterol by membranes; the same circumstance
may explain the decreased susceptibility to

infection of cells that have lost cholesterol.

Thus, the formation of the viral envelopes in
many viruses involves lipid sorting and
accumulation in the viral envelope of raft
lipids, namely cholesterol and sphingolipids
that are withdrawn from the host cell
membranes. What does the virus-induced

cholesterol depletion mean for a host cell?

cholesterol

The dependence of the viral life cycle on
cellular cholesterol, as well as the effects of
viruses on cellular lipids and, in particular, on
cholesterol, may provide a basis for the
development of new antiviral drugs that will
help in the pre-vaccination and disease
. And indeed, in

some works, cholesterol-lowering treatments

progression phases'? 206061

antiviral
27,72

are considered as possible

prophylactic or preventive measures
However, alterations in the cell lipid status
produced by viruses impose more complex

requirements on potential medicines.

As follows from the previous sections, virus entry
to a cell can barely alter the cholesterol content
in the plasma membrane, except that during
endocytosis-dependent raft internalization some
plasma membrane cholesterol ends up in the
intracellular compartments. In contrast, during
assembly and budding of viral particles,
cholesterol is lost from cell membranes, since
the envelope of many viruses, including influenza
virus, consists predominantly of raft lipids. This
may have adverse effects on host cells, as
cholesterol plays a vitally important role of in
the organization and functions of cell
membranes (reviewed in”*”7). Cholesterol affects
many  physicochemical  properties  of
phospholipid bilayers and is essential for self-
organization of lipid membranes, forming
cholesterol-enriched  detergent-resistant
membrane microdomains, or lipid rafts’®®". Rafts
are not only used by many viruses, as was
mentioned in previous sections, but are involved
in functioning of a normal healthy cell. Certain
membrane proteins can accumulate in these

lipid microdomains, and the vicinity of these
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proteins may accelerate and optimize their
interactions required for cell metabolism,
signalling, or other processes. The
importance of rafts in carrying out a variety of
biological functions has been demonstrated

in many works’®#8",

Cells maintain the sterol content of various
membranes at very different levels’*®. The
highest content of cholesterol is in plasma
membrane (25-50 mol%) and the lowest, in
the nuclear membrane and endoplasmic
reticulum (1-10 ml%)’’. Deviations from the
proper distribution, transport, and metabolism
of cholesterol at the cell and whole-body level
lead to various pathological conditions’”’"*.
At the cell level, deviations from optimal level
of cholesterol in different cell membrane
compartments may considerably affect the
functioning of membrane proteins, such as
receptors, ion channels, enzymes, transporters,
the activity of which critically depends on the
presence of cholesterol ("*7778; reviewed in®).
Because of the cholesterol influences on
physicochemical state of the membrane and on
the protein functioning, many cellular processes
are also known to be cholesterol-dependent:

88,89

locomotion®, endocytosis®*#?,

90-92

adhesion®,
phagocytosis™?, synaptogenesis™, and many

others.

Considering the importance of cholesterol for
normal cell functioning, one can expect that
withdrawal of cell cholesterol by enveloped
viruses will deteriorate the host cell cholesterol
homeostasis. Indeed, ample evidence indicates
that lowered membrane cholesterol is associated
with altered mechanical properties and
increased permeability of the membrane, and
cholesterol supplementation prevents the
leakage”™ . Interestingly, in? it was found that

the presence of fusion peptide (FP) derived

from influenza virus hemagglutinin induces
fusion of liposomes, and the addition of
cholesterol to liposomes decreases the lifetime
of the fusion pore, thus hindering FP-induced
fusion and indicating greater stability of the
cholesterol-containing membrane. An illustrative
example of a protective effect of cholesterol is
also given in?’: it was shown that West Nile virus
modulates host cell cholesterol homeostasis
by upregulating cholesterol biosynthesis and
redistributing cholesterol to viral replication
membranes. This virus-induced redistribution
of cellular cholesterol downregulates the
interferon-stimulated Jak-STAT antiviral signalling
response to infection, and addition of exogenous
cholesterol counteracts this effect.

As virus entry requires cholesterol, lowering
cholesterol can indeed inhibit virus entry, and
therefore cholesterol-lowering drugs such as
statins can reduce the effectiveness of virus
entry”®'%. However, appropriateness of using
statins to treat viral diseases, including influenza,
remains a debated issue''®. The results
obtained so far are contradictory, and there is
no certainty about the effectiveness of using
statins in infectious diseases; more research is
needed to understand the situation. However,
a decrease in cholesterol content in cell
membranes owing to the formation of viral
envelopes can be one of the most harmful
consequences of the virus particle assembly,
as the amount of cholesterol removed from the
cell membranes by newly formed viruses can
exceed the compensatory resources of the cell
(reviewed in™). Considering that the concentration
of cholesterol in the ER is much lower than in
the plasma membrane and ER is responsible
for many vital functions (Ca?* signalling and
various syntheses, including cholesterol)’¢788285

it can be expected that the loss of cholesterol

Medical Research Archives | https://esmed.org/MRA/index.php/mra/article/view/4399 6



https://esmed.org/MRA/index.php/mra/article/view/4399
https://esmed.org/MRA/mra

Medical
Research
Archives

Influenza virus and cholesterol: touch points and potential consequences for the

host cell

by ER membranes because of viral envelope
formation (as in the case of SARS-CoV and -
CoV-2") may be more detrimental to cells
than in the case of viruses budding from the
plasma membrane. If the delivery of cholesterol
to the cells is insufficient, deregulation of
cholesterol-dependent processes can lead to
massive cell death, which manifests itself in
the clinical course of the disease and a poor
prognosis. In this connection, it should be
noted that in patients infected with SARS-
CoV-2, a significant decrease (several fold) in
total cholesterol and low-density lipoprotein
(LDL) cholesterol levels was recorded'™ 19107,
Such a drop of the LDL cholesterol level in
Covid-19 patients can reflect an enhanced
recruitment of circulating cholesterol by the
cells to compensate for its loss associated with
virus reproduction. In these conditions,
cholesterol-lowering treatments do not seem
advisable for Covid-19 patients with life-
threatening infection, at least until they

recover from the infection™:1%

. Perhaps the
clinical prognosis depends on the timely and
successful delivery of cholesterol required for
cell membrane repair. It seems possible that
the more severe course of the Covid-19
disease (and possibly other viral diseases) in
diabetic patients may be related to a reduced
cholesterol content in cell membranes, which

is apparently associated with diabetes'® ",

Therefore, although in experiments in vitro

lowering cell cholesterol reduces the
efficiency of both cell infection and virus
production and budding, but at the level of
the whole organism decreasing cholesterol
level cannot serve as a measure of antiviral
defence. Cholesterol depletion may be not
only unhelpful, but also dangerous, since a
content in cell

decrease in cholesterol

membranes below the optimal level (specific
for each cell type) leads to disturbances in the
work of cholesterol-dependent proteins,
destabilization of membranes and ultimately
cell death. On the contrary, the delivery of
exogenous cholesterol to sustain cells during
infection and the formation of new viral
particles may prevent massive death of cells

that lose cholesterol.

This does not mean, however, that in order to
increase cellular resistance to infection or
during viral infection one should unrestrictedly
and uncontrollably load cells with cholesterol
beyond its optimal level. As was shown in'"?,
artificial increase of cholesterol content in cell
membranes in vitro (cholesterol overload of
endoplasmic reticulum in macrophages)
activates apoptotic processes. Therein lies the
difficulty — to keep membrane cholesterol
content within an optimal range, and this
should be carefully studied, so that the
struggle to reduce "bad cholesterol" does not
turn out to be deteriorating. We certainly
need to know more about the level of cell

membrane cholesterol, and blood plasma

“lipid profile” may not be sufficiently
informative in this regard.
So, besides preventing cell membrane

cholesterol levels from getting too low, what

are other antiviral tools based on the

mechanisms of viruses' interaction with

cholesterol? How can the cholesterol
dependence of viruses be exploited for the
development of antiviral drugs? One possible
direction could be to search for agents that
prevent viral proteins from interacting with
cholesterol, and this search should be based
on an understanding of the mechanisms of

these interactions.
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Cholesterol-binding motifs as one of
possible mechanisms of interactions

of viral proteins with cholesterol

One of possible mechanisms ensuring
binding and concentration of cholesterol in
the viral envelope is the presence of
cholesterol-binding motifs in viral proteins.
These motifs could be responsible for binding
of cell membrane’s cholesterol by the viral
protein. Cholesterol-binding motifs (original
name, cholesterol-recognizing amino acid
consensus, or CRAC motif") are small
regions with a specific set of amino acid
residues involving a branched non-polar
amino acid residue {valine (V), leucine (L), or
isoleucine (1)), aromatic residue (tyrosine (Y),
tryptophan (W), or phenylalanine (F)), and
cationic amino acid residue (arginine (R) or
lysine (K)). These motif-forming amino acids
are separated by short segments of any 1-5
amino-acid residues. The general formula for
these motifs presumably involved in the
interaction of protein with cholesterol presently
appears as follows: V/L/1-X1_s-W/Y/F=(X)4-s—
R/K, where X stands for any amino acid
residue.'®'” The presence of this motif in
many proteins and its participation in the
protein—cholesterol interactions has been

confirmed by different methods*"">.

Cholesterol-binding motifs are found in many
viral proteins, and their role in cholesterol-
dependent virus—cell interactions have been
demonstrated. For example, such motifs are
present in the HIV matrix protein p17, which
was shown to participate in virus entry
through the

raft domains of the cell

membranes''®?

. Cholesterol-binding motif is
found in the a-helical domain of the hepatitis

C virus non-structural protein NS5A, which is

anchored at the cytoplasmic leaflet of the
endoplasmic reticulum and is involved in
replication hepatitis C virus'®. S proteins of
coronaviruses SARS-CoV and SARS-CoV2 also
contain cholesterol-binding motifs that are
located in the “aromatic” region of the S-
protein transmembrane domain, which is
necessary for the infection of cells with

14,121 (

coronavirus reviewed in').

Cholesterol-binding motifs were also found in
alpha-helices of matrix protein M1 of influenza
A virus'?#'%_ M1 is regarded the major driving
force of influenza virus budding, since in the
absence of M1 viral particles are not formed'»'%.
M1 is believed to be the key protein in recruiting,
concentrating, and assembling viral and host
components required for budding at the assembly
site of the plasma membrane' 8. The influence
of the cholesterol-binding motifs in protein M1
on the formation of new viral particles was shown
in'?'%, Further studies revealed that M1-derived
peptide RTKLWEMLVELGNMDKAVKLWRKLKR
(P4) containing two cholesterol-binding motifs
from M1 protein in the micromolar range of
concentrations stimulated cholesterol-dependent
interactions of cultured macrophages with 2-
um particles and at 50 uM the peptide was

cytotoxic'®

. Reducing the cholesterol content
in the cells with methyl-B-cyclodextrin (mBCD)
abolished the stimulatory component and
significantly lowered the peptide concentration
required for the toxic effect. Substitution of
the motif-forming amino acids abolished these
effects™. The cytotoxic effect of the M1-derived
peptide RTKLWEMLVELGNMDKAVKLWRKLKR
can be explained by the binding (sequestration)
of membrane cholesterol by the peptide. This
toxic effect of the M1-derived peptide with
cholesterol-binding motifs can reproduce the

consequences of the cholesterol removal from
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cell membranes, which occurs during the

formation of the viral envelope.

This deteriorating effect of viral cholesterol-
binding proteins may be counteracted by agents
that prevent membrane cholesterol from
binding to such viral proteins and thereby
prevent virus entry or/and compensate for
depletion of membrane cholesterol resulting
from the formation of viral particles. At least
some of low-molecular weight substances, such
as polyphenolic substances like quercetin and

131-133

glycyrrhizin™™'#, can act at the protein-cholesterol
interface and hinder cholesterol binding and
thus inhibit virus entry and the assembly of new
viral particles. Saponin glycyrrhizin, an active
component of liquorice roots, is well known as
an antiviral drug™?'*3, However, such agents
are not very selective and can affect other
cholesterol-dependent proteins and therefore
cause side effects. Perhaps specially designed
cholesterol-binding  peptides  specifically
blocking the interactions of viral proteins with
cholesterol will prevent the cellular cholesterol
loss leading to permeabilization of membranes,

oxidative stress, and cell death.

The ability of peptides containing cholesterol-
binding motifs to regulate cholesterol-dependent
demonstrated

cell functions has been

134135136 - and further studies of the antiviral

in
activity of these peptides can be useful and
promising. For example, peptide C5A derived
from a-helical domain of the hepatitis A virus
nonstructural protein NS5A exhibited a broad-

3¢ |n the antiviral

spectrum anti-viral activity
activity of cholesterol-conjugated peptides
derived from the influenza hemagglutinin was
also reported'. The authors hypothesized
that the cholesterol moiety, by localizing the

peptides to the target cell membrane, allows

the peptides to follow the virus to the
intracellular site of fusion. It cannot be

excluded though that the cholesterol
molecule also contributed to the inhibition of
fusion, consistent with?. Clearly, further
research is needed to find or develop
substances that, prior to vaccination, would
selectively prevent the virus from entering the
cell, depleting its resources, and further

spread of viruses.

Conclusion

To summarise, understanding the role of
cholesterol in the virus life cycle is crucial in
devising novel preventive and therapeutic
strategies for virus-induced diseases. Interfering
with cholesterol-dependent influenza virus-
cell interactions can inhibit both virus entry
into the cell and the creation of a viral envelope
from the cell membrane. Cholesterol-binding
(CRAC) motifs found in the M1 protein of the
influenza virus could play a significant role in
virus-cell interactions that depend on
cholesterol, both during the virus entry and
when the cholesterol-rich viral envelope is
formed. Binding of cell membrane cholesterol
and subsequent removal of cholesterol from
plasma membrane by newly formed viral
particles can disturb normal functioning of
cellular  cholesterol-dependent  proteins
(receptors, ion channels, enzymes, etc.) and
cause destabilization and permeabilization of
cell membranes leading to cell death. This
deteriorating effect of viral proteins with
cholesterol-binding motifs can be mitigated
by substances that either inhibit the binding
of membrane cholesterol to viral proteins or
counterbalance the depletion of membrane
cholesterol caused by the virus. There's a

possibility that specially engineered peptides
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containing cholesterol-binding motifs could
effectively impede the interactions between
viral proteins and cholesterol, thereby
broadening the arsenal of antiviral agents.

Medical Research Archives | https://esmed.org/MRA/index.php/mra/article/view/4399 10


https://esmed.org/MRA/index.php/mra/article/view/4399
https://esmed.org/MRA/mra

Medical

Influenza virus and cholesterol: touch points and potential consequences for the

Research

Archives host cell
Conflict of Interest Statement: Funding Statement:
The author has no conflict of interest to None
declare.

Acknowledgement Statement:

None

Medical Research Archives | https://esmed.org/MRA/index.php/mra/article/view/4399

11


https://esmed.org/MRA/index.php/mra/article/view/4399
https://esmed.org/MRA/mra

Medical

Research Influenza virus and cholesterol: touch points and potential consequences for the
Archives host cell
References: J Med Virol. 1991:35:142-149. DOI: 10. 1002/

1. https://www.who.int/publications/i/item/%
789240058224;
https://www.cdc.gov/flu/professionals/vaccin

ation/vax-summary.htm

2. Nayak DP, Hui EK-W, Barman S. Assembly and
budding of influenza virus. Virus Res. 2004; 106:147-
165. DOI: 10.1016/j.virusres.2004.08.012

3. Chazal N, Gerlier D. Virus entry, assembly,
budding, and membrane rafts. Microbiol Mol
Biol Rev. 2003;67(2):226-237. DOI: 10.1128/
mmbr.67.2.226-237.2003

4. Jones JE, Le Sage V., Lakdawala SS. Viral and
host heterogeneity and their effects on the
viral life cycle. Nat Rev Microbiol. 2020;6:1-11.
DOI: 10.1038/s41579-020-00449-9

5. Navaratnarajah CK, Warrier R, Kuhn RJ.
Assembly of Viruses: Enveloped Particles.
Encyclopedia of Virology. 2008;193-200. DOI:
10.1016/B978-012374410-4.00667-1

6. Zhang J, Pekosz A, Lamb RA. Influenza
virus assembly and lipid raft microdomains: A
role for the cytoplasmic tails of the spike
glycoproteins. J Virol. 2000;74:4634-4644.
DOI: 10.1128/jvi.74.10.4634-4644.2000

7. RawatSS, Viard M, Gallo SA, Rein A, Blumenthal
R, Puri A. Modulation of entry of enveloped
viruses by cholesterol and sphingolipids
(Review). Mol Membr Biol. 2003;20(3):243-
254. DOI: 10.1080/0968768031000104944

8. Nayak DP, Hui EK. The role of lipid
microdomains in  virus Subcell
Biochem. 2004;37:443-491.

DOI: 10.1007/978-1-4757-5806-1_14

biology.

9. Cervin M, Anderson R. Modulation of
coronavirus-mediated cell fusion by homeostatic

control of cholesterol and fatty acid metabolism.

jmv.1890350213

10. Choi KS, Aizaki H, Lai MMC. Murine
coronavirus requires lipid rafts for virus entry
and cell-cell fusion but not for virus release. J
Virol. 2005;79(15):9862-9871.

DOI: 10.1128/JVI.79.15.9862-9871.2005

11. Thorp EB, Gallagher TM. Requirements
for CEACAMs and cholesterol during murine
coronavirus cell entry. J Virol. 2004, 78(6):2682-
2692. DOI: 10.1128/jvi.78.6.2682-2692.2004

12. Pratelli A, Colao V. Role of the lipid rafts in
the life cycle of canine coronavirus. J Gen Virol.
2015;96(Pt 2):331-337.

DOI: 10.1099/vir.0.070870-0

13. Li G-M, Li Y-G, Yamate M, Li S-M, lkuta K.
Lipid rafts play an important role in the early stage
of severe acute respiratory syndrome-coronavirus
life cycle. Microbes and Infection. 2007,9:96-
102. DOI: 10.1016/j.micinf.2006.10.015

14. Glende J, Schwegmann-Wessels C, Al-Falah
M, Pfefferle S, Qu X, Deng H, Drosten C, Naim
HY, Herrler G. Importance of cholesterol rich
membrane microdomains in the interaction of
the S protein of SARS coronavirus with the cellular
receptor angiotensin-converting enzyme 2.
Virology. 2008,381(2):215-221.

DOI: 10.1016/].virol.2008.08.026

15. Dunina-Barkovskaya A.  Cholesterol
recognition motifs (CRAC) in the S protein of
coronavirus: A possible target for antiviral
therapy? In: Aronow WS, Ed. Management of
Dyslipidemia. IntechOpen, 2021.

DOl:https://doi.org/10.5772/intechopen.95977

16. Wilflingseder D, Stoiber H. Float on: Lipid
rafts in the lifecycle of HIV. Front Biosci. 2007,
12:2124-2135. DOI:10.2741/2216

Medical Research Archives | https://esmed.org/MRA/index.php/mra/article/view/4399 12



https://esmed.org/MRA/index.php/mra/article/view/4399
https://esmed.org/MRA/mra
https://www.who.int/publications/i/item/9789240058224
https://www.who.int/publications/i/item/9789240058224
https://www.cdc.gov/flu/professionals/vaccination/vax-summary.htm
https://www.cdc.gov/flu/professionals/vaccination/vax-summary.htm
https://doi.org/10.5772/intechopen.95977

Medical
Research
Archives

Influenza virus and cholesterol: touch points and potential consequences for the

host cell

17. Carter GC, Bernstone L, Sangani D, Bee JW,
Harder T, James W. HIV entry in macrophages
is dependent on intact lipid rafts. Virology.
2009;386(1):192-202.

DOI: 10.1016/j.virol.2008.12.031

18. Campbell SM, Crowe SM, Mak J. Virion-

associated cholesterol is critical for the
maintenance of HIV-1 structure and infectivity.
AIDS. 2002;16:2253-2261.

DOI: 10.1097/00002030-200211220-00004

19. Graham DR, Chertova E, Hilburn JM,
Arthur LO, Hildreth JE. Cholesterol depletion
of human immunodeficiency virus type 1 and
simian immunodeficiency virus with b-cyclodextrin
inactivates and permeabilizes the virions:
Evidence for virion-associated lipid rafts. J Virol.
2003;77:8237-8248.

DOI: 10.1128/jvi.77.15.8237-8248.2003

20. Sviridov D, Mukhamedova N, Makarov
AA, Adzhubei A, Bukrinsky M. Comorbidities
of HIV Role of Nef-induced
impairment of cholesterol metabolism and
lipid raft functionality. AIDS. 2020;34:1-13.
DOI: 10.1097/QAD.0000000000002385

infection:

21. Sung-Tae Y, Kiessling V, Simmons JA, et
al. HIV gp41-mediated membrane fusion
occurs at edges of cholesterol-rich lipid
domains. Nat Chem Biol. 2015;11:424-431.
DOI: 10.1038/nchembio.1800

22. Bender FC, Whitbeck JC, Ponce de Leon
M, Lou H, Eisenberg RJ, Cohen GH. Specific
association of glycoprotein B with lipid rafts
during herpes simplex virus entry. J Virol.
2003;77:9542-9552.

DOI: 10.1128/jvi.77.17.9542-9552.2003

23. Laliberte JP, McGinnes LW, Morrison TG,
Incorporation of functional HN-F glycoprotein-
containing complexes into Newcastle disease

virus is dependent on cholesterol and membrane

lipid integrity. J Virol. 2007;81:10636-10648.
DOI: 10.1128/JVI.01119-07

24. Dou X, Li Y, Han J, Zarlenga DS, Zhu W,
Ren X, Dong N, Li X, Li G. Cholesterol of lipid
rafts is a key determinant for entry and post-
entry control of porcine rotavirus infection. BMC
Vet Res. 2018;14(1):45. DOI: 10.1186/s12917-
018-1366-7

25. Stoeck IK, Lee J-Y, Tabata K, Romero-Brey
[, Paul D, Schult P, Lohmann V, Kaderali L,
Bartenschlager R. Hepatitis C virus replication
depends on endosomal cholesterol homeostasis.
J Virol. 2018;92:e01196-17.
DOI: 10.1128/JVI.01196-17

26. Paul D, Hoppe S, Saher G, Krijnse-Locker J,
Bartenschlager R. Morphological and biochemical
characterization of the membranous hepatitis

C virus replication compartment. J Virol. 2013;
87(19):10612-10627. DOI:10.1128/JV1.01370-13

27. Elgner F, Ren H, Medvedev R, Ploen D,
Himmelsbach K, Boller K, Hildt E. The intracellular
cholesterol transport inhibitor U18666A inhibits
the exosome-dependent release of mature hepatitis
C virus. J Virol. 2016;90:11181-11196. DOI:
10.1128/JVI.01053-16

28. Leier HC, Messer WB, Tafesse FG. Lipids
and pathogenic flaviviruses: An intimate union.
PloS Pathogens. 2018;14(5):e1006952. DOI:
10.1371/journal.ppat. 1006952

29. Osuna-Ramos JF, Reyes-Ruiz JM, Del
Angel RM. The role of host cholesterol during

flavivirus infection. Front Cell Infect Microbiol.
2018:8:388. DOI: 10.3389/fcimb.2018.00388

30. Keller P, Simons K. Cholesterol is required
for surface transport of influenza virus
hemagglutinin. J Cell Biol. 1998;140(6):1357-

1367. DOI: 10.1083/jcb.140.6.1357

Medical Research Archives | https://esmed.org/MRA/index.php/mra/article/view/4399 13



https://esmed.org/MRA/index.php/mra/article/view/4399
https://esmed.org/MRA/mra

Medical
Research
Archives

Influenza virus and cholesterol: touch points and potential consequences for the

host cell

31. Gerl MJ, Sampaio JL, Urban S, Kalvodova
L, Verbavatz JM, Binnington B, Lindemann D,
Lingwood CA, Shevchenko A, Schroeder C,
Simons K. Quantitative analysis of the lipidomes
of the influenza virus envelope and MDCK cell
apical membrane. J Cell Biol. 2012; 196(2):
213-221. DOI: 10.1083/jcb.201108175

32. Zhang J, Pekosz A, Lamb RA. Influenza
virus assembly and lipid raft microdomains: A
role for the cytoplasmic tails of the spike
glycoproteins. J Virol. 2000;74:4634-4644.
DOI: 10.1128/jvi.74.10.4634-4644.2000

33. Veit M, Thaa B. Association of influenza virus
proteins with membrane rafts. Adv Virol.
2011;Article ID 370606.

DOI: 10.1155/2011/370606

34. Ali A, Avalos RT, Ponimaskin E, Nayak DP.
Influenza virus assembly: Effect of influenza virus
glycoproteins on the membrane association
of M1 protein. J Virol. 2000; 74:8709-8719.
DOI: 10.1128/jvi.74.18.8709-8719.2000

35. Hess ST, Gould TJ, Gudheti MV, Maas SA,
Mills KD, Zimmerberg J. Dynamic clustered
distribution of hemagglutinin resolved at 40 nm
in living cell membranes discriminates between
raft theories. Proc Natl Acad Sci USA. 2007;
104(44):17370-5.

DOI: 10.1073/pnas.0708066104

36. Mercer J, Schelhaas M, Helenius A. Virus
entry by endocytosis. Ann Rev Biochem.
2010;79(1):803-833.

37. de Haan CAM, Rottier PJM. Molecular
interactions in the assembly of coronaviruses.
Adv Virus Res. 2005;64:165-230. DOI: 10.
1016/S0065-3527(05)64006-7

38. V'kovski P, Kratzel A, Steiner S, Stalder H,
Thiel V. Coronavirus biology and replication:
Implications for SARSCoV-2. Nat Rev Microbiol.
2020; 28:1-16. DOI: 10.1038/s41579-020-00468-6

39. BenderSJ, Phillips JM, Scott EP, Weiss SR.
Murine coronavirus receptors are differentially
expressed in the central nervous system and
play virus strain-dependent roles in neuronal
spread. J Virol. 2010; 84(21):11030-11044;
DOI: 10.1128/JVI.02688-09

40. LuYE, Cassese T, Kielian M. The cholesterol
requirement for Sindbis virus entry and exit
and characterization of a spike protein region
involved in cholesterol dependence. J Virol.
1999,73(5):4272-4278.

DOI: 10.1128/JVI.73.5.4272-4278.1999

41. DeTulleo L, Kirchhausen T. The clathrin
endocytic pathway in viral infection. EMBO J.
1998;17(16):4585-4593.
DOI:10.1093/emboj/17.16.4585

42. Skehel JJ, Wiley DC. Receptor binding and
membrane fusion in virus entry: The influenza
hemagglutinin. Annu Rev Biochem. 2000; 69:
531-569.

43. Ripa |, Andreu S, Lépez-Guerrero JA,
Bello-Morales R. Membrane rafts: Portals for
viral entry. Front Microbiol. 2021;12:631274.
DOI: 10.3389/fmicb.2021.631274

44. PhalenT, Kielian M. Cholesterol is required
for infection by Semliki Forest virus. J Cell
Biol. 1991;112:615-623.

45. Raznikov VI, Cohen FS. Sterol and
sphingolipids strongly affect the growth of fusion
pores induced by the hemagglutinin of influenza
virus. Biochem. 2000:39:13462-13468.

46. Biswas S, Yin SR, Blank PS, Zimmerberg J.
Cholesterol promotes hemifusion and pore
widening in membrane fusion induced by

influenza hemagglutinin. J Gen Physiol. 2008;
131(5):503-513. DOI: 10.1085/jgp.200709932

Medical Research Archives | https://esmed.org/MRA/index.php/mra/article/view/4399 14



https://esmed.org/MRA/index.php/mra/article/view/4399
https://esmed.org/MRA/mra

Medical
Research
Archives

Influenza virus and cholesterol: touch points and potential consequences for the

host cell

47. Verma DK, Gupta D, Lal SK. Host lipid rafts
play a major role in binding and endocytosis
of influenza A virus. Viruses. 2018;10(11):650

48. Zhang Z, He G, Filipowicz NA, et al. Host
lipids in positive-strand RNA virus genome
replication. Front Microbiol. 2019;10:286.
DOI: 10.3389/fmicb.2019.00286

49. Sun X, Whittaker GR. Role for influenza virus
envelope cholesterol in virus entry and infection.
J Virol. 2003;77:12543-12551.

50. Takeda M, Leser GP, Russell CJ, Lamb RA.
Influenza virus hemagglutinin concentrates in
lipid raft microdomains for efficient viral fusion.
Proc Nat! Acad Sci USA. 2003;100:14610-14617.

51. Kielian MC, Helenius A. Role of cholesterol

in fusion of Semliki forest virus with membranes.
J Virol. 1984:52:281-283.

52. White J, Helenius A. pH-Dependent fusion
between the Semliki Forest virus membrane
and liposomes. Proc Natl/ Acad Sci USA. 1980;
77:3273-3277.

53. Nieva JL, Bron R, Corver J, Wilschut J.
Membrane fusion of Semliki Forest virus requires
sphingolipids in the target membrane. EMBO
J.1994;13:2797-2804.

54. Callens N, Briigger B, Bonnafous P, et al.
Morphology and molecular composition of
purified bovine viral diarrhea virus envelope.
PLoS Pathog. 2016;12(3):e1005476. DOI: 10.
1371/journal.ppat.1005476

55. Kozak SL, Heard JM, Kabat D. Segregation
of CD4 and CXCR4
microdomains in T lymphocytes suggests a

into distinct  lipid

mechanism for membrane destabilization by
human immunodeficiency virus. J Virol. 2002;
76:1802-1815.

56. Popik W, Alce TM, Au WC. Human
immunodeficiency virus type 1 uses lipid raft-
colocalized CD4 and chemokine receptors for

productive entry into CD4 + T cells. J Virol.
2002;76:4709-4722.

57. Stuart AD, Eustace HE, McKee TA, Brown
TD. A novel cell entry pathway for a DAF-using
human enterovirus is dependent on lipid rafts.
J Virol. 2002;76:9307-9322.

58. Ashbourne Excoffon KJ, Moninger T,
Zabner J. The coxsackie B virus and adenovirus
receptor resides in a distinct membrane
microdomain. J Virol. 2003; 77:2559-2567.

59. Viard M, Parolini |, Sargiacomo M, et al.
Role of cholesterol in human immunodeficiency
virus type 1 envelope protein-mediated fusion
with host cells. J Virol. 2002:76:11584-11595.

60. Abu-Farha M, Thanaraj TA, Qaddoumi
MG, Hashem A, Abubaker J, Al-Mulla ad Fahd.
The role of lipid metabolism in COVID-19 virus
infection and as a drug target. Int J Mol Sci.
2020;21:3544. DOI:10.3390/ijms21103544

61. Raulin J. Human immunodeficiency virus
and host cell lipids. Interesting pathways in
research for a new HIV therapy. Prog Lipid
Res. 2002;41(1):27-65. DOI: 10.1016/s0163-
7827(01)00019-4

62. Ono A, Freed EO. Plasma membrane rafts
play a critical role in HIV-1 assembly and release.
Proc Natl Acad Sci USA. 2001;98:13925-13930.

63. Bavari S, Bosio CM, Wiegand E, et al.
Lipid raft microdomains: A gateway for
compartmentalized trafficking of Ebola and
Marburg viruses. J Exp Med. 2002;195:593-602.

64. Del Real G, Jimenez-Baranda S, Lacalle RA,
et al. Blocking of HIV-1 infection by targeting

CD4 to nonraft membrane domains. J Exp
Med. 2002;196:293-301

Medical Research Archives | https://esmed.org/MRA/index.php/mra/article/view/4399 15



https://esmed.org/MRA/index.php/mra/article/view/4399
https://esmed.org/MRA/mra

Medical
Research
Archives

Influenza virus and cholesterol: touch points and potential consequences for the

host cell

65. Guyader M, Kiyokawa E, Abrami L, Turelli
P, Trono D. Role for human immunodeficiency
virus type 1 membrane cholesterol in viral
internalization. J. Virol. 2002;76:10356-10364.

66. Rodriguez Boulan E, Sabatini DD. Asymmetric
budding of viruses in epithelial monlayers: A
model system for study of epithelial polarity.
Proc Natl Acad Sci USA. 1978; 75: 5071-5075.
http://dx.doi.org/10.1073/pnas.75.10.5071

67. Scheiffele P, Rietveld A, Wilk T, Simons K.
Influenza viruses select ordered lipid domains

during budding from the plasma membrane.
J Biol Chem. 1999,274(4):2038-2044. DOI: 10.
1074/jbc.274.4.2038

68. Miller S, Krijnse-Locker J. Modification of
intracellular membrane structures for virus
replication. Nat Rev Microbiol. 2008;6:363-
374. DOI: 10.1038/nrmicro1890.

69. Lorizate M, Krédusslich HG. Role of lipids
in virus replication. Cold Spring Harb Perspect
Biol. 201;3(10):a004820.
DOI:10.1101/cshperspect.a004820

70. Welsch S, Muller B, Krausslich HG. More
than one door - Budding of enveloped viruses
through cellular membranes. FEBS Lett. 2007,
581(11):2089-2097.

DOI: 10.1016/j.febslet.2007.03.060

71. Frensing T, Kupke SY, Bachmann M,
Fritzsche S, Gallo-Ramirez LE, Reichl U. Influenza
virus intracellular replication dynamics, release
kinetics, and particle morphology during
propagation in MDCK cells. Appl Microbiol
Biotechnol. 2016;100(16):7181-7192.

DOI: 10.1007/s00253-016-7542-4

72. Wang S, Li W, Hui H, Tiwari SK, Zhang Q,
Croker BA, Rawlings S, Smith D, Carlin AF, Rana
TM. Cholesterol 25-Hydroxylase inhibits SARS-
CoV-2 and other coronaviruses by depleting

membrane cholesterol. EMBO J. 2020; 39
(21):e106057.
DOI: 10.15252/embj.2020106057

73. Grouleff J, lrudayam SJ, Skeby KK,
Schigtt B. The influence of cholesterol on
membrane protein structure, function, and
dynamics studied by molecular dynamics
simulations. BBA, Biomembranes. 2015;
1848(9):1783-1795.

https://doi.org/10.1016/].bbamem.2015.03.029

74. CorradiV, Mendez-Villuendas E, Ingdlfsson
HI, et al. Lipid-protein interactions are unique
fingerprints for membrane proteins. ACS Cent
Sci. 2018;4(6):709-717.

DOI: 10. 1021/acscentsci.8b00143

75. Pichler H,
Modlification of membrane lipid compositions

Emmerstorfer-Augustin =~ A.

in single-celled organisms — From basics to
applications. Methods. 2018;147:50-65.
https://doi.org/10.1016/].ymeth.2018.06.00

76. Mukherjee S, Zha X, Tabas |, Maxfield FR.
Cholesterol distribution in living cells: Fluorescence
imaging using dehydroergosterol as a fluorescent
cholesterol analog. Biophys J. 1998; 75:1915-
1925. DOI: 10.1016/S0006-3495(98)77632-5

77. Song Y, Kenworthy AK, Sanders CR.
Cholesterol as a co-solvent and a ligand for
membrane proteins. Protein Sci. 2014;23:1-22.
DOI: 10.1002/pro.2385

78. Maxfield FR, van Meer G. Cholesterol, the
central lipid of mammalian cells. Curr Opin Cell
Biol. 2010;22(4):422-429.

DOI: 10. 1016/j.ceb.2010.05.004

79. van Meer G, Voelker DR, Feigenson GW.
Membrane lipids: Where they are and how
they behave. Nat Rev Mol Cell Biol. 2008;
9:112-124.

Medical Research Archives | https://esmed.org/MRA/index.php/mra/article/view/4399 16



https://esmed.org/MRA/index.php/mra/article/view/4399
https://esmed.org/MRA/mra
http://dx.doi.org/10.1073/pnas.75.10.5071
https://doi.org/10.1016/j.bbamem.2015.03.029
https://doi.org/10.1016/j.ymeth.2018.06.00

Medical
Research
Archives

Influenza virus and cholesterol: touch points and potential consequences for the

host cell

80. Pasenkiewicz-Gierula M, Rog T, Kitamura
K, Kusumi A. Cholesterol effects on the
phosphatidylcholine bilayer polar region: a
molecular simulation study. Biophys J. 2000;
78:1376-1389.

81. Wattenberg BW, Silbert DF. Sterol
partitioning among intracellular membranes.
Testing a model for cellular sterol distribution.

J Biol Chem. 1983;258(4):2284-2289.

82. Kaplan MR, Simoni RD. Transport of
cholesterol from the endoplasmic reticulum to
the plasma membrane. J Cell Biol. 1985;
101(2):446-453. DOI: 10. 1083/jcb.101.2.446

83. Lange Y, Swaisgood MH, Ramos BV,
Steck TL. Plasma membranes contain half the
phospholipid and 90% of the cholesterol and
sphingomyelin in cultured human fibroblasts.
J Biol Chem. 1989,264(7):3786-3793.

84. Litvinov DY, Savushkin EV, Dergunov AD.
Intracellular and plasma membrane events in
cholesterol transport and homeostasis. J Lipids.
2018;2018:3965054.

DOI: 10. 1155/2018/3965054

85. Dunina-Barkovskaya A. Cholesterol-dependent
cellular processes and peptides containing
cholesterol-binding motifs: Possible implications
for medicine. Medical Research Archives.
2022;11(1).
https://doi.org/10.18103/mra.v11i1.3532

86. Oh H, Mohler ER Ill, Tian A, Baumgart T,
Diamond SL. Membrane cholesterol is a
biomechanical regulator of neutrophil adhesion.
Arterioscler Thromb Vasc Biol. 2009:;29:1290-1297.

87. Sitrin RG, Sassanella TM, Landers JJ, Petty
HR. Migrating human neutrophils exhibit dynamic
spatiotemporal variation in membrane lipid

organization. Amer J Respir Cell Mol Biol.
2010,;43:498-506.

88. Lajoie P, Nabi IR. Regulation of raft-
dependent endocytosis. J Cell Mol Med.
2007;11(4):644-653.

89. Cho YY, Kwon OH, Chung S. Preferred
endocytosis of amyloid precursor protein from
cholesterol-enriched lipid raft microdomains.
Molecules. 2020;25(23):5490.

DOI: 10.3390/molecules25235490

90. Stuart AE, Davidson AE. The effect of
intravenous cholesterol oleate on the phagocytic
function of the reticulo-endothelial system. Br
J Exp Pathol. 1963;44:24-30.

91. Bryan AM, Farnoud AM, MorV, Del Poeta
M. Macrophage cholesterol depletion and its
effect on the phagocytosis of Cryptococcus
neoformans. J Vis Exp. 2014;(94):52432. DOI:
10.3791/52432

92. Baranova IN, Kurlander R, Bocharov AV,
Vishnyakova TG, Chen Z, Remaley AT, Csako
G, Patterson AP, Eggerman TL, Role of human
CD36 in bacterial recognition, phagocytosis,
and pathogen-induced JNK-mediated signaling.
J Immunol. 2008;181:7147-7156.

93. Thiele C, Hannah MJ, Fahrenholz F, Huttner
WB. Cholesterol binds to synaptophysin and is
required for biogenesis of synaptic vesicles.
Nature Cell Biol. 2000;2:42-49. DOI: 10.
1038/71366

94. Raffy S, Teissié J. Control of lipid membrane
stability by cholesterol content. Biophys J.
1999,76:2072-2080.

DOI: 10.1016/S0006-3495(99)77363-7

95. Zhang X, Barraza KM, Beauchamp JL.
Cholesterol provides nonsacrificial protection
of membrane lipids from chemical damage at
air-water interface. Proc Natl Acad Sci USA.
2018;115:3255-3260.
https://doi.org/10.1073/pnas. 1722323115

Medical Research Archives | https://esmed.org/MRA/index.php/mra/article/view/4399 17



https://esmed.org/MRA/index.php/mra/article/view/4399
https://esmed.org/MRA/mra
https://doi.org/10.18103/mra.v11i1.3532
https://doi.org/10.1073/pnas.1722323115

Medical
Research
Archives

Influenza virus and cholesterol: touch points and potential consequences for the

host cell

96. Rice A, Haldar S, Wang E, et al. Planar
aggregation of the influenza viral fusion peptide
alters membrane structure and hydration,
promoting poration. Nat Commun. 2022;13:7336.
https://doi.org/10.1038/s41467-022-34576-z

97. Mackenzie JM, Khromykh AA, Parton RG.
Cholesterol manipulation by West Nile virus
perturbs the cellular immune response. Cell
Host Microbe. 2007;2(4):229-239. DOI: 10.
1016/j.chom.2007.09.003

98. Rossi R, Talarico M, Coppi F, Boriani G.
Protective role of statins in COVID 19 patients:
Importance of pharmacokinetic characteristics
rather than intensity of action. Intern Emerg
Med. 2020;15(8):1573-1576.

DOI: 10.1007/511739-020-02504-y

99. Havers FP, Chung JR, Belongia EA, MclLean
HQ, Gaglani M, Murthy K, Zimmerman RK, Nowalk
MP, Jackson ML, Jackson LA, Monto AS, Petrie
JG, Fry AM, Flannery B. Influenza vaccine
effectiveness and statin use among adults in
the United States, 2011-2017. Clin Infect Dis.
2019;68(10):1616-1622.

DOI: 10.1093/cid/ciy780

100.Mehrbod P, Omar AR, Hair-Bejo M, Haghani
A, Ideris A. Mechanisms of action and efficacy
of statins against influenza. Biomed Res Int.
2014,2014:872370.

DOI: 10. 1155/2014/872370

101.Urbach D, Awiszus F, LeiB S, Venton T,
Specht AV, Apfelbacher C. Associations of
medications with lower odds of typical
COVID-19 symptoms: Cross-sectional symptom
surveillance study. JMIR Public Health Surveill.

2020; 6(4):22521. DOI: 10.2196/22521

102.Ravnskov U. Cholesterol lowering trials in
coronary heart disease: Frequency of citation
and outcome. BMJ. 1992;305(6844):15-19.

DOI: 10.1136/bmj.305.6844.15. Erratum in:
BMJ. 199229;305(6852):505.

103.Schmidt JG. Cholesterol lowering treatment
and mortality. BMJ. 1992,305(6863):1226-1227.
DOI: 10.1136/bmj.305.6863.1226-b.

104.Li YJ, Chen CY, Yang JH, Chiu YF.
Modulating cholesterol-rich lipid rafts to disrupt
influenza A virus infection. Front Immunol.
2022;13:982264.

DOI: 10. 3389/fimmu.2022.982264

105.Radenkovic D, Chawla S, Pirro M, Sahebkar
A, Banach M. Cholesterol in relation to
COVID-19: Should we care about it? J Clin
Med. 2020;9:1909.

DOI: 10. 3390/jcm%061909

106.Hu X, Chen D, Wu L, He G, Ye W. Declined
serum high density lipoprotein cholesterol is
associated with the severity of COVID-19
infection. Clin Chim Acta. 2020;510:105-110.
DOI: 10.1016/j.cca.2020.07.015

107.Dai J, Wang H, Liao Y, Tan L, Sun Y, Song
C, Liu W, Qiu X, Ding C. Coronavirus infection
and cholesterol metabolism. Front Immunol.
2022;13:791267.

DOI: 10. 3389/fimmu.2022.791267

108.Suzuki R, Lee K, Jing E, et al. Diabetes
and insulin in regulation of brain cholesterol
metabolism. Cell Metab. 2010;12:567-579.

109.Fukui K, Ferris HA, Kahn CR. Effect of
cholesterol reduction on receptor signaling in
neurons. J Biol Chem. 2015;290(44):26383-26392.
DOI: 10.1074/jbc.M115.664367. Erratum in: J
Biol Chem. 2016;291(30):15910.

110.Martin-Segura A, Ahmed T, Casadomé-
Perales A, et al. Age-associated cholesterol
reduction triggers brain insulin resistance by

facilitating ligand-independent receptor activation

Medical Research Archives | https://esmed.org/MRA/index.php/mra/article/view/4399 18



https://esmed.org/MRA/index.php/mra/article/view/4399
https://esmed.org/MRA/mra
https://doi.org/10.1038/s41467-022-34576-z

Medical
Research
Archives

Influenza virus and cholesterol: touch points and potential consequences for the

host cell

and pathway desensitization. Aging Cell.
2019;18(3):12932. DOI: 10. 1111/acel. 12932

111.Fonseca MC, Franca A, Florentino RM, et al.
Cholesterol-enriched membrane microdomains
are needed for insulin signaling and proliferation
in hepatic cells. Am J Physiol Gastrointest Liver
Physiol. 2018;315(1):G80-G?4. DOI: 10. 1152/
ajpgi.00008.2018

112.L Y, Ge M, Ciani L, et al. Enrichment of
endoplasmic reticulum with cholesterol inhibits
sarcoplasmic-endoplasmic reticulum calcium
ATPase-2b activity in parallel with increased
order of membrane lipids: Implications for
depletion of endoplasmic reticulum calcium
stores and apoptosis in cholesterol-loaded
macrophages. J Biol Chem. 2004; 279(35):37030-
37039. DOI: 10.1074/jbc.M405195200

113.Li H, Papadopoulos V. Peripheral-type
benzodiazepine receptor function in cholesterol
transport. Identification of a putative cholesterol
recognition/ interaction amino acid sequence
and consensus pattern. Endocrinology. 1998;
139:4991-4997.

DOI: 10.1016/s0039-128x(96)00154-7

114.Li H, Yao Z, Degenhardt B, Teper, G,
Papadopoulos V. Cholesterol binding at the
cholesterol recognition/interaction amino acid
consensus (CRAC) of the peripheral-type
benzodiazepine receptor and inhibition of
steroidogenesis by an HIV TAT-CRAC peptide.
Proc Natl Acad Sci USA. 2001;98:1267-1272.
DOI: 10.1073/pnas.031461598

115.Listowski MA, Leluk J, Kraszewski S, Sikorski
AF. Cholesterol interaction with the MAGUK
protein family member, MPP1, via CRAC and
CRAC-like motifs: An in silico docking analysis.
PLoS One. 2015;10(7):e0133141.
DOI:10.1371/journal. Pone.0133141

116.Fantini J, Epand RM, Barrantes FJ.
Cholesterol-recognition motifs in membrane
proteins. In: Direct mechanisms in cholesterol
modlulation of protein function. Eds Rosenhouse-
Dantsker A., Bukiya A.N. Series Advances in
experimental medicine and biology, 2019.
vol. 1135. Cham: Springer, p. 3-25. DOI: 10.
1007/978-3-030-14265-0_1

117.Epand RM. Cholesterol and the interaction
of proteins with membrane domains. Prog
Lipid Res. 2006;45:279-294. DOI: 10. 1016/
j.plipres.2006.02.001

118.He W, Mazzuca P, Yuan W, Varney K,
Bugatti A, Cagnotto A, Giagulli C, Rusnati M,
Marsico S, Diomede L, Salmona M, Caruso A,
Lu W, Caccuri F. Identification of amino acid
for the B cell growth-
promoting activity of HIV-1 matrix protein p17
variants. BBA, Gen Subj. 2019;1863(1):13-24.
DOI: 10.1016/j.bbagen.2018.09.016

residues critical

119.Carter GC, Bernstone L, Sangani D, Bee JW,
Harder T, James W. HIV entry in macrophages
is dependent on intact lipid rafts. Virology.
2009;386(1):192-202.

DOI: 10.1016/j.virol.2008.12.031

120.Hanson JM, Gettel DL, Tabaei SR, Jackman
J, Kim MC, Sasaki DY, Groves JT, Liedberg B,
Cho N-J, Parikh AN. Cholesterol-enriched
domain formation induced by viral-encoded,
membrane-active amphipathic peptide. Biophys
J. 2016;110:176-187.

DOI: 10. 1016/j.bpj.2015.11.032

121. Corver J, Broer R, van Kasteren P, Spaan
W. Mutagenesis of the transmembrane domain
of the SARS coronavirus spike glycoprotein:
Refinement of the requirements for SARS
coronavirus cell entry. Virol J. 2009;6:230.
DOI: 10.1186/1743-422X- 6-230

Medical Research Archives | https://esmed.org/MRA/index.php/mra/article/view/4399 19



https://esmed.org/MRA/index.php/mra/article/view/4399
https://esmed.org/MRA/mra

Medical
Research
Archives

Influenza virus and cholesterol: touch points and potential consequences for the

host cell

122.Schroeder C. Cholesterol-binding viral
proteins in virus entry and morphogenesis.
Subcell Biochem. 2010:;51:77-108. DOI: 10.
1007/978-90-481-8622-8_3

123.Tsfasman T, Kost V, Markushin S, Lotte V,
Koptiaeva |, Bogacheva E, Baratova L, Radyukhin
V. Amphipathic alpha-helices and putative
cholesterol binding domains of the influenza
virus matrix M1 protein are crucial for virion
structure organization. Virus Res. 2015; 210:114-
118. DOI:10.1016/j.virusres.2015.07.017

124.Radyukhin VA, Dadinova LA, Orlov IA,
Baratova LA. Amphipathic secondary structure
elements and putative cholesterol recognizing
amino acid consensus (CRAC) motifs as
governing factors of highly specific matrix
protein interactions with raft-type membranes
in enveloped viruses. J Biomol Str Dynam.
2018;36:1351-1359.

DOI: 10.1080/07391102.2017.1323012

125.Gémez-Puertas P, Albo C, Pérez-Pastrana
E, Vivo A, Portela A. Influenza virus matrix
protein is the major driving force in virus
budding. J Virol. 2000,74(24):11538-47. DOI:
10.1128/jvi.74.24.11538-11547.2000.

126.Latham T, Galarza JM. Formation of wild-
type and chimeric influenza virus-like particles
following simultaneous expression of only four
structural proteins. J Virol. 2001; 75(13):6154-65.
DOI: 10.1128/JVI1.75.13.6154-6165.2001

127.Rossman JS, Lamb RA. Influenza virus
assembly and budding. Virology. 2011; 411(2):229-
236. DOI: 10.1016/].virol.2010.12.003

128. Nayak DP, Balogun RA, Yamada H, Zhou
ZH, Barman S. Influenza virus morphogenesis
and budding. Virus Res. 2009;143(2):147-161.
DOI: 10.1016/].virusres.2009.05.010

129.Dunina-Barkovskaya AY, Vishnyakova KS,
Baratova LA, Radyukhin VA. Modulation of

cholesterol-dependent activity of macrophages
IC-21 by a peptide containing two CRAC-
motifs from protein M1 of influenza virus.
Biochem (Mosc) Suppl Series A Membr Cell
Biol. 2019;13(3):268-276.

DOl:https://doi.org/10.1134/51990747819030139

130.Dunina-Barkovskaya AY, Vishnyakova KS.
Modulation of the cholesterol-dependent
by CRAC

substituted motif-forming

activity of macrophages IC-21
peptides  with
amino acids. Biochem (Mosc) Suppl Series A
Membr Cell Biol. 2020;14(4):331-343. DOI:
https://doi.org/10.1134/51990747820040054

131. Glinsky GV. Tripartite combination of
candidate pandemic mitigation agents: Vitamin
D, quercetin, and estradiol manifest properties
of medicinal agents for targeted mitigation of
the COVID-19 pandemic defined by genomics-
guided tracing of SARS-CoV-2 targets in
human cells. Biomedicines. 2020; 8(5):129.
DOI: 10.3390/biomedicines8050129

132.Cinatl J, Morgenstern B, Bauer G, Chandra
P, Rabenau H, Doerr HW. Glycyrrhizin, an active
component of liquorice roots, and replication
of SARS-associated coronavirus. Lancet. 2003;
361:2045-2046.

DOI: 10.1016/s0140-6736(03)13615-x

133.Bailly C, Vergoten G. Glycyrrhizin: An
alternative drug for the treatment of COVID-
19 infection and the associated respiratory
syndrome? Pharmacol Therapeutics. 2020;
214:107618.
DOI:10.1016/j.pharmthera.2020.107618

134.Brown AC, Koufos E, Balashova NV,
Boesze-Battaglia K, Lally ET. Inhibition of LtxA
toxicity by blocking cholesterol binding with
peptides. Mol Oral Microbiol. 2016;31(1):94-
105. DOI: 10.1111/0mi.12133

Medical Research Archives | https://esmed.org/MRA/index.php/mra/article/view/4399 20



https://esmed.org/MRA/index.php/mra/article/view/4399
https://esmed.org/MRA/mra
https://doi.org/10.1134/S1990747819030139
https://doi.org/10.1134/S1990747820040054

Medical
Research
Archives

Influenza virus and cholesterol: touch points and potential consequences for the

host cell

135.Lecanu L, Yao ZX, McCourty A, Sidahmed
el-K, Orellana ME, Burnier MN, Papadopoulos V.
Control of hypercholesterolemia and atherosclerosis
using the cholesterol recognition/interaction
amino acid sequence of the translocator
protein TSPO. Steroids. 2013;78(2):137-146.
DOI: 10.1016/].steroids.2012.10.018

136.Cheng G, Montero A, Gastaminza P,
Whitten-Bauer C, Wieland SF, Isogawa M,
Fredericksen B, Selvarajah S, Gallay PA, Ghadiri
MR, Chisari FV. A virocidal amphipathic a-
helical peptide that inhibits hepatitis C virus
infection in vitro. Proc Natl Acad Sci USA.
2008;105:3088-3093.

DOI: 10.1073/pnas.0712380105

137 Lee KK, Pessi A, Gui L, Santoprete A, Talekar
A, Moscona A, Porotto M. Capturing a fusion
intermediate of influenza hemagglutinin with
a cholesterol-conjugated peptide, a new
antiviral strategy for influenza virus. J Biol
Chem. 2011,286(49):42141-42149.

DOI: 10.1074/jbc.M111.254243

Medical Research Archives | https://esmed.org/MRA/index.php/mra/article/view/4399 21



https://esmed.org/MRA/index.php/mra/article/view/4399
https://esmed.org/MRA/mra

