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a b s t r a c t

Enveloped viruses, which include many medically important viruses such as human immunodeficiency
virus, influenza virus and hepatitis C virus, are intracellular parasites that acquire lipid envelopes from
their host cells. Success of replication is intimately linked to their ability to hijack host cell mechanisms,
particularly those related to membrane dynamics and lipid metabolism. Despite recent progress, our
eywords:
ipidomics
nveloped virus
embrane

knowledge of lipid mediated virus–host interactions remains highly incomplete. In addition, diverse
experimental systems are used to study different stages of virus replication thus complicating compar-
isons. This review aims to present a unifying view of the widely diverse strategies used by enveloped
viruses at distinct stages of their replication cycles.
eceptor
lycolipid
ipid–protein interactions
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. Introduction

In recent years, the contribution of lipids to virus replica-
ion has gained increasing attention. Lipids can be envisioned as
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‘multidimensional’ entities. From structurally diverse single lipid
molecules (Fig. 1A), they form larger molecular aggregates as
bilayers in organelle membranes. Lipids are heterogeneously dis-
tributed throughout the cell and show predominant accumulation
within certain subcellular locations. Within biological membranes,
they further exhibit lateral heterogeneity through the forma-

tion of specialized microdomains and by establishing asymmetry
across bilayers. The overall structural and topological diversity
of lipids and their aggregates results in a wide range on specific
protein–lipid interactions and electrostatic considerations, which

http://www.sciencedirect.com/science/journal/00093084
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Table 1
Summary of examples of virus–lipid interactions discussed in this review.

Stage Lipid class Mode of action Virus examples

Docking/fusion

Phosphatidylserines
PS addition causes a “glycosylation-specific
enhancement” of virus entry

HIV (Coil and Miller, 2005b; Coil and Miller,
2005a)

Annexins are hijacked as co-receptors by PS
expressed in the virus envelope

Influenza virus (Huang et al., 1996), HBV
(Hertogs et al., 1993), HCMV (Raynor et al.,
1999), RSVa (Malhotra et al., 2003), HIV
(Callahan et al., 2003; Ma et al., 2004)

Molecular mimicry of apoptotic bodies
facilitates macropinocytosis/virus entry

VACV (Mercer and Helenius, 2008)

Sterols/Sterol Esters
Association with apolipoproteins facilitates
virus docking and subsequent entry steps

HCV (Prince et al., 1996; Agnello et al., 1999;
Molina et al., 2007)

Virus surface glycoproteins and receptors are
clustered in “lipid rafts”

HCV (Kapadia et al., 2007; Burlone and
Budkowska, 2009), HIV (Sorice et al., 2000,
2001; Nguyen and Taub, 2002; Popik et al.,
2002; Bhattacharya et al., 2004; Nguyen et al.,
2005), RSVa (Fleming et al., 2006), influenza
virus (Takeda et al., 2003)

Sphingolipids

Glycan–glycan interactions between host and
virus stabilize virus attachment

Influenza virus (Huang, 1976; Leskawa et al.,
1986; Kasson and Pande, 2008)

GalCer, GM3 and Gb3 serve as auxiliary
receptors for virus entry

HIV (Fantini et al., 1993; Seddiki et al., 1996;
Hammache et al., 1999; Hug et al., 2000;
Magerus-Chatinet et al., 2007)

GSLs aggregate viral receptors which have low
endogenous cellular levels

EBOV, Marburg virus, VACV, HSV (reviewed in
Teissier and Pecheur, 2007)

Gangliosides serve as main receptors for virus
entry

SeV (Markwell et al., 1981; Hansson et al.,
1984; Markwell et al., 1984; Muthing and
Unland, 1994; Kaneda et al., 1997), NDV
(Ferreira et al., 2004a,b; Villar and Barroso,
2006)

Replication/translation

Phosphatidylserines PS enriched in endosomal membranes is
required by NSP1 for capping of viral mRNAs

SFV (Ahola et al., 1999)

Sterols/sterol esters Nef accessory protein enhances cholesterol
biosynthesis and impairs ABCA1 dependent
cholesterol efflux

HIV (Mujawar et al., 2006)

Sphingolipids
Enhanced levels of cholesterol are required to
support formation of “lipid-raft” structures

RSVa (Money et al., 2009)

Increased activity of SphK1 promotes
accumulation of transcriptional activator IE1

HCMV (Machesky et al., 2008)

Fatty acids Genome replication is stimulated by saturated
or monounsaturated fatty acids. FAS is highly
enriched in the supernatant of infected cells

HCV (Su et al., 2002)

Assembly/budding

Phosphoinositides Gag binds specifically to PI(4,5)P2 causing a
myristic switch in MA which increases
membrane partitioning of Gag

HIV (Zhou et al., 1994; Ono et al., 2004; Freed,
2006)

Sterols
It is also possible that PI(4,5)P2 interactions
with cellular proteins contribute to membrane
curvature during virus assembly and budding

HIV (Chan et al., 2008)

Surface exposed polybasic domains of similar
matrix proteins also use phosphoinositides or
other anionic phospholipids for “lipid-raft”
targeting/induction of membrane curvature

Influenza virus (Ruigrok et al., 2000; Thaa et al.,
2009), EBOV (Timmins et al., 2004), VSV
(Gaudier et al., 2002), RSVa (Money et al., 2009)

Virus assembly occurs on lipid droplets HCV (Miyanari et al., 2007)

Sphingolipids

Nef contains cholesterol binding sequence in
its C terminus which allows transport to and
association with lipid rafts

HIV (Zheng et al., 2003)

Cholesterol depletion enhances virus budding Influenza virus (Barman and Nayak, 2007)
Cholesterol depletion inhibits virus production HIV (Ono and Freed, 2001; Pickl et al., 2001)
“Lipid-raft” dependent viruses do not
co-localize on the plasma membrane

HIV, Influenza virus, EBOV (Khurana et al.,
2007; Leung et al., 2008)

Fatty acids Several viral proteins have myristoyl and
palmitoyl covalent modifications for
“lipid-raft” targeting

HIV, Influenza virus, EBOV, Marburg virus,
measles virus, NDV, RSVa (reviewed in Hruby
and Franke, 1993; Maurer-Stroh and
Eisenhaber, 2004)

Extracellular
Sterols/sterol esters Cholesterol depletion of virus envelopes leads

to virus inactivation due to a loss of protein
core and genome integrity

HIV and SIV (Graham et al., 2003), influenza
virus (Barman and Nayak, 2007; Ambrose et
al., 2008)

Lipid molecular geometry Inverted-cone shaped lipids like lyso PC
inhibits virus envelope fusion with target
membrane while cone shaped lipids like pPE,
DAG and ceramide may facilitate membrane
dynamics

HIV (Martin and Ruysschaert, 1995;
Gunther-Ausborn and Stegmann, 1997;
Brugger et al., 2006; Chan et al., 2008), TBEV
(Stiasny and Heinz, 2004), influenza virus
(Gunther-Ausborn et al., 1995; Chernomordik
et al., 1998)
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Fig. 1. (A) Overview of lipid classes discussed in this review: cholesterol (Chol), ceramide (Cer), sphingomyelin (SM), ganglioside GM3 (GM3), phosphatidylinositol-4,5-
bis-phosphate (PI(4,5)P2), plasmalogen phosphatidylethanolamine (pPE), phosphatidylserine (PS) and cardiolipin (CL); (B) lipid-bilayer arrangement during virus budding:
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ipid species are coloured according to their head group as described in (A). Lipids a
nriched in cholesterol, sphingolipids and phosphoinositides. Yellow arrows indicat
hosphoinositides. This results in a pushing-force finally leading to virus budding.

n the lipid envelope bestows fluidity and stability to the virus. Such and other lipid

ranslate to potentially numerous functional roles in the replication
f enveloped viruses (Table 1).

We will emphasize general principles of lipid involvement by
sing examples of well studied viruses as a foundation. Addition-
lly, we will highlight unique cases of lipid function and address
ontroversial concepts in virus budding. In doing so, we hope to
timulate new research efforts to elucidate new lipid functions in
nveloped virus replication.

.1. Virus entry

Enveloped viruses gain entry into their host cells via a two step
rocess. First, the enveloped virus will engage with specific recep-
ors on the cell surface through its fusion proteins in a process
nown as docking. Next, the interaction of the fusion protein with
he receptor will cause a conformational change to the fusion pro-
ein which results in apposition and mixing of the viral envelope
nd cell membrane. This forms a membrane pore that facilitates
elivery of virus content into the host cell. The involvement of

ipids has been described separately in both processes and at times
ithout a clear distinction between docking and fusion.

.2. Glycosphingolipids as viral receptors

Cell associated glycosphingolipids (GSLs) have been widely
nvestigated for their role as viral receptors. GSLs are ubiquitous
onstituents of mammalian plasma membranes, with diverse cellu-
ar roles including cell recognition, growth control, differentiation

nd tumorigenesis (Tettamanti, 2004). Structurally, GSLs contain a
ipid group linked to a carbohydrate group via a glycosidic bond.
he lipid group is typically made up of a ceramide molecule con-
aining a sphingoid base that is derivatized on the 2-amino group
ith a fatty acyl chain. The attached carbohydrate group can take
mmetrically distributed in the plasma membrane and virus budding occurs at sites
argeting of proteins to the plasma membrane through electrostatic interaction with
id distribution in the virus envelope: enrichment of sphingolipids and cholesterol

e also an important role in virus entry.

the form of uncharged sugars such as glucose, galactose and N-
acetylglucoseamine (GlcNAc) or may contain ionized functional
groups such as phosphate, sulfate or charged carbohydrate residues
such as sialic acid (N-acetylneuraminic acid) in gangliosides. The
high density of epitope rich GSLs on mammalian plasma mem-
brane suggests that this class of lipids contribute to enveloped
virus entry.Although it is known that the binding of cell surface
glycans by influenza hemagglutinin controls viral attachment and
infection of host cells, the precise involvement of GSLs have been
difficult to resolve. Despite reports that influenza virus hemagglu-
tinin (HA) can directly bind to GSLs (Gambaryan et al., 2004; Kogure
et al., 2006; Hidari et al., 2007), there exists contradicting evidence
that GSLs are non-essential for influenza virus infection (Ablan et
al., 2001; Chu and Whittaker, 2004; Matrosovich et al., 2006). The
latter findings are supported by the finding that preferred recep-
tors for influenza virus hemagglutinin are N-linked rather than
O-linked glycoproteins (Chu and Whittaker, 2004); GSLs are gen-
erally O-linked. Computer simulation of crystallographic data on
hemagglutinin–ligand interactions suggests that influenza virus
associated glycans contact the host glycans within 1–2 residues of
the ligand binding site to stabilize virus binding (Kasson and Pande,
2008). While the virus associated glycans may be presented by gly-
coproteins, it is also possible that GSLs may be involved since early
works showed enrichment of gangliosides in the influenza virus
envelope (Huang, 1976; Leskawa et al., 1986). Therefore, GSLs may
function as attachment stabilizers rather than receptors per se in
influenza virus entry mechanism.Some enveloped viruses are also
able to harness GSLs as auxiliary receptors when their natural pro-

tein receptors are not presented. While it is well established that
HIV infects CD4 expressing immune cells, there are clinical obser-
vations that HIV can also infect CD4 negative cells such as neuronal
cells (Harouse et al., 1989) and colonic epithelial cells (Fantini et
al., 1993). In these cells types, HIV appears to use GSLs as substitute
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eceptors to gain entry. A binding site for galactosyl ceramide has
een mapped to the HIV Env gp41 residues 650–685 thereby pro-
iding a structural basis for GSLs in HIV entry (Alfsen and Bomsel,
002; Yu et al., 2008). It is speculated that CD4 independent entry
f HIV is mediated by the action of either a combination of CXCR4
nd GalCer or solely by Gb3 in absence of CXCR4 from the host cell
urface (Viard et al., 2004). Additionally, HIV transcytosis from den-
ritic cells to T-cells is orchestrated by GalCer (Magerus-Chatinet
t al., 2007) and it has been reported that downregulation of GalCer
hrough interferon-� is part of a protective immune response (Yahi
t al., 1994).

Some members of the paramyxovirus family depend solely on
ost cell associated GSLs as receptors (Villar and Barroso, 2006).
ewcastle disease virus (NDV) binds to a broad range of GSLs with

ialic acid either attached to terminal sugars (GM3, GD1a and GT1b)
r to internal sugars (GM2, GM1 and GD1b) (Ferreira et al., 2004b;
illar and Barroso, 2006). It has been shown that modification of

he GSL presentation on host cell surfaces by sialidase treatment
learly impaired NDV entry (Anastasia et al., 2008). Moreover, gan-
liosides have been shown to cause conformational changes in the
DV surface protein known as HN, thus mediating virus fusion

Ferreira et al., 2004a). Importantly, one should note that other
aramyxoviruses exhibit different ganglioside specificities as well.
or example, Sendai virus interact with gangliosides having a ter-
inally attached sialic acid such as GD1a, GT1b, and GQ1b, and

lso recognize neolacto-series gangliosides (Markwell et al., 1981,
984; Hansson et al., 1984; Muthing and Unland, 1994; Kaneda et
l., 1997).

.3. Phosphatidylserine and its binding proteins are implicated in
nveloped virus entry

Besides GSLs, phosphatidylserine (PS) has also been implicated
n enhancing enveloped virus entry. When target cells bearing func-
ional enveloped virus receptors are pre-treated with PS liposomes,
ell surface PS level is increased and the specific enveloped virus
nfectivity is enhanced by up to 20-fold (Coil and Miller, 2005a). This
ffect is limited to enveloped viruses and does not occur through
ncreases in virus receptor levels or virus binding, thereby indi-
ating that virus fusion in enhanced. In some cases, cell specific
lycosylation of viral receptors near the active virus binding site
esult in a block to functional receptor–virus interactions. How-
ver, with pre-treatment of PS liposomes, such blocks are relieved
nd the cells become permissible to retrovirus infection. This effect
s referred to as “glycosylation-specific enhancement” by PS (Coil
nd Miller, 2005b).

Virus associated PS also appear to enhance enveloped virus
ntry. Lipid asymmetry exists in all resting mammalian cells. PS
nd phosphatidylethanolamine (PE) are lipids oriented towards
he cytoplasm, while phosphatidylcholine (PC) and sphingomyelin
SM) are oriented towards the extracellular space. Virus infection
f host cells can activate apoptosis which is accompanied by the
xternalization of PS to the outer leaflet of the plasma membrane
Balasubramanian and Schroit, 2003). This has been documented
uring HIV infection of macrophage cells. HIV virions produced
rom these cells are decorated with PS on the outer surface of their
nvelope (Callahan et al., 2003). In this system, incubation of PS-
pecific binding protein Annexin V or PS with purified HIV particles
educes its ability to infect macrophages but not T-cells. Later stud-
es identified the macrophage PS-binding protein annexin II as the
ellular cofactor supporting macrophage HIV-1 infection (Ma et al.,

004).

Numerous facets of virus fusion may be enhanced by a large
ncrease in plasma membrane or virus coat PS concentration,
ncluding lipid packing, alterations in bilayer curvature, changes
n membrane fluidity and locally induced changes in the bilayer
s of Lipids 163 (2010) 449–459

phase. However, the involvement of annexin II highlights a specific
structural mechanism by which PS enhances virus fusion through
interaction with the annexin protein family. After all, a number of
enveloped viruses including influenza virus (Huang et al., 1996),
Hepatitis B virus (Hertogs et al., 1993), human cytomegalovirus
(Raynor et al., 1999) and respiratory synticial virus (Malhotra et al.,
2003) have been shown to use different annexins as co-receptors
for entry. The hijacking of annexin as viral co-receptors may there-
fore represent a way for viruses to overcome host cell apoptosis
and maximize infectivity of virus particles that are enriched with
PS molecules on the outer virus coat.

Lastly, another interesting example of PS involvement during
enveloped virus entry comes from a recent study of vaccinia virus
(Mercer and Helenius, 2008). As with other viruses, vaccinia virus
infection leads to apoptosis and production of virus particles that
present PS on the outer layer of their envelope. This virus appears
to use externalized PS in macropinocytosis and apoptotic mimicry
to infect host cells and these effects can be inhibited by incubating
the virus with annexin (Mercer and Helenius, 2008). Such a mecha-
nism explains why vaccinia virus is able to infect many different cell
types, because PS-mediated macropinocytosis of apoptotic mate-
rial is common to most cells (Henson et al., 2001; Albert, 2004).
In addition, the virus may avoidimmune detection by mimicking
apoptotic bodies since clearance of apoptotic debris suppresses
the activation of innate immune responses (Albert, 2004). How-
ever, the application of this mechanism to other viruses may be
limited because it appears to work in favor of vaccinia virus and
other enveloped pathogens of large sizes that are too big for regu-
lar endocytic mechanisms but are similar in size to apoptotic bodies
(Henson et al., 2001).

1.4. Cholesterol transport pathway is a facilitator of virus entry

The entry mechanism of hepatitis C virus offers another inter-
esting example of molecular mimicry. It has been shown that
infectious HCV particles in patient sera commonly associate with
apolipoproteins and are of low density, i.e. very low density lipopro-
tein (VLDL)-HCV (Thomssen et al., 1992; Agnello et al., 1999). This
is because high density HCV particles are degraded in the host
cells, whereas only VLDL-HCV particles are successfully released
from infected cells (Gastaminza et al., 2006, 2008). The VLDL-
HCV association is important in engaging host cell lipoprotein
receptors (e.g. human scavenger receptor B1 or LDL receptor)
through an apolipoprotein mediated mechanism (Agnello et al.,
1999; Andre et al., 2002; Molina et al., 2007). This, in turn, facilitates
the CD81 dependent transport of HCV to tight junction proteins
claudin-1 and occludin (Brazzoli et al., 2008) which finally leads
to the uptake of HCV particles into host cells by endocytosis. In
this way, HCV actually mimics the molecular identity of lipopro-
tein to hijack lipoprotein transport mechanism for its entry into
its host. Furthermore, human scavenger receptor B1 has been
additionally suggested to be a crucial mediator of HCV entry by
regulating CD81 clustering into cholesterol-enriched plasma mem-
brane microdomains (Kapadia et al., 2007; Burlone and Budkowska,
2009).

1.5. The importance of lipid microenvironment on virus protein
receptors

Both envelope and host membrane lipids may also play a role in
facilitating fusion by stereospecific interaction with the viral fusion

machinery partners. A recurring theme for such interactions lies
in lipid-raft dependent clustering of receptors. Clustering of suffi-
cient HA proteins into lipid rafts in the virus envelope is required to
ensure efficient virus fusion of the next host (Takeda et al., 2003).
Other enveloped viruses that display similar mechanisms of raft
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ependent clustering of fusion glycoproteins include retrovirus Env
Bhattacharya et al., 2004) and RSV F protein (Fleming et al., 2006).
he issue of lipid-raft dependent assembly and budding will be
ealt with in later sections of this review.

In cells producing functional retroviral receptors, a direct asso-
iation between the HIV receptor CD4 (Sorice et al., 2000; Popik
t al., 2002), co-receptors CCR5 (Nguyen and Taub, 2002; Nguyen
t al., 2005) or CXCR4 (Sorice et al., 2001) with lipid rafts has
een observed. While CD4 and CCR5 reside in different plasma
embrane microenvironments of resting cells, binding of the third

ariable region V3-containing gp120 core to CD4 and CCR5 induces
ssociation between these receptors to form the HIV entry com-
lex. An important requirement in this reaction is the presence of
lasma membrane cholesterol since its removal abolishes gp120
ore-induced association between CD4 and CCR5. GSLs also play
significant role here. Several studies identified GalCer (Fantini

t al., 1993; Seddiki et al., 1996; Magerus-Chatinet et al., 2007),
M3 and Gb3 (Hammache et al., 1999) as major interaction part-
ers during HIV entry (Hug et al., 2000).During the CD4 dependent

nfection pathway, GM3 and Gb3 come into play only after binding
o co-receptors CXCR4/CCR5 (Nehete et al., 2002). On the one hand,
hen GSLs are expressed in excess in certain cell lines, they become
barrier to prevent HIV receptor clustering, thus blocking subse-
uent events necessary for the formation of a functional fusion pore
nd infection (Rawat et al., 2004). On the other hand, when cells
xpress low endogenous levels of viral receptors, cell surface GSLs
re known to be involved in promoting receptor aggregation which
s required for the formation of the HIV entry complex (Rawat et
l., 2006). Numerous other viruses, including Ebola and Marburg
iruses, vaccinia virus and herpes simplex virus, has been reported
o use similar strategies for co-receptor clustering (reviewed in
eissier and Pecheur, 2007).

.6. Intracellular expression and replication of viral genomes

The next step in productive infection lies in the expression and
eplication of viral genomes. It will be clear from numerous stud-
es presented below that successful enveloped virus replication
ntails extensive manipulation of host cell membranes and lipid
etabolism.

.7. Intracellular membrane structures are modified for virus
eplication

Positive strand (+) RNA viruses are well known to replicate
n the cytoplasm of the host cell in association with cytoplas-

ic membranes. Since (+) RNA genomes have the same polarity
s cellular mRNA, translation of the genome is initiated by the
ost cell translation machinery into one or multiple viral polypro-
eins, which are co- and post-translationally processed by viral
nd host cell proteases. The accumulation of viral-RNA-dependent
NA polymerase (RdRp), various accessory non-structural proteins,
iral-RNA and host cell factors induces the deformation of various
ellular organelles to create replication complexes (RCs).

For a majority of (+) viruses, including dengue virus (DENV) and
evere acute respiratory syndrome (SARS) virus, the endoplasmic
eticulum (ER) appears to be the common origin for membrane
odification (Miller and Krijnse-Locker, 2008). In the case of HCV,

t appears that ER derived membranes are rearranged around lipid
roplets (Miyanari et al., 2007). Exceptions include the Semliki
orest Virus and Flock house virus (FHV) which appear to use

ndosomes/lysosomes and mitochondria membranes respectively
o derive their RCs.

There are numerous unanswered questions with regards to the
iogenesis and functions of virus-induced membrane alterations.
number of viral and cellular protein factors involved in the for-
s of Lipids 163 (2010) 449–459 453

mation of RCs have been described. Virtually nothing is known
however about specific membrane types and lipid requirements
which help regulating the process. As mentioned above, lipids
are heterogeneously distributed in different cellular organelles.
Thus the association of different (+) RNA viruses with specific
cellular organelles would allow speculation that membrane lipid
composition may influence virus replication. For instance, SFV non-
structural protein (NSP1), the capping enzyme of viral mRNAs,
requires association with anionic membrane phospholipids, par-
ticularly PS which are enriched in endosomal membranes, for
activation (Ahola et al., 1999). Similarly, it was shown that FHV
protein A, the essential viral protein necessary for RC assembly in
FHV, associates efficiently with anionic phospholipids, and in par-
ticular the mitochondrial-specific anionic phospholipid cardiolipin
thereby providing a structural basis for mitochondria targeting
(Stapleford et al., 2009). The stimulation of HCV genome replication
by exogenously added saturated or monounsaturated fatty acids
(Kapadia and Chisari, 2005) may also be linked to the enhanced
formation for lipid droplet formation seen in HCV infected cells
(Miyanari et al., 2007).

1.8. Virus infection impacts host lipid metabolism

Modification of host lipid metabolism by HIV infection has been
very well investigated. In fact, an increased risk of arthrosclerosis
and coronary artery disease due to dyslipidemia is a recognized
clinical problem in HIV-infected patients (Escaut et al., 2003; El-
Sadr et al., 2005) as is the appearance of antibodies against GM2
(Wu et al., 1999), GM3 (Griggi et al., 1994), and PS (Silvestris
et al., 1996). At the cellular level, it was found that changes
in cellular morphology including the appearance of lipid bodies
in macrophages, led to the formation of foam cells common in
arthrosclerosis (Mujawar et al., 2006). Gene expression analysis of
both HIV-infected cells indicated that numerous genes involved in
cholesterol metabolism and trafficking are altered by infection (Giri
et al., 2006). Interestingly, it was found that expressing the HIV Nef
accessory protein alone is able to simultaneously increase choles-
terol biosynthesis and impair ATP-binding cassette transporter A1
(ABCA1)-dependent cholesterol efflux from human macrophages
(Mujawar et al., 2006). Furthermore, Nef contains a cholesterol
binding sequence in its C terminus which leads to re-distribution of
cholesterol and progeny viruses to promote infectious HIV particle
formation (Zheng et al., 2003).

Other members of the retrovirus family, including MLV (Beer et
al., 2003) and SIV (Mansfield et al., 2007), also appear to increase
cholesterol loading in infected cells either through enhanced
biosynthesis or uptake from extracellular or dietary sources. More
recently, it was reported that various genes involved in choles-
terol biosynthesis were also up-regulated in paramyxovirus RSV
infected cell (Money et al., 2009). A common feature appears to
be an association with lipid rafts during assembly and budding of
these viruses. Curiously, influenza virus, which also buds from lipid
rafts does not show similar manipulation of the cholesterol biosyn-
thetic pathway. Instead, only cases of acute influenza infection with
febrile convulsion would result in the enhancement of APOL1 and
ABCD2 which are associated with cholesterol levels and fatty acid
metabolism respectively (Kawada et al., 2006).

However, the most severe case of virus-induced lipogenesis
occurs during HCV infection. Pathologically, this results in liver
steatosis which is the process of abnormal retention of lipids in
the liver. Gene expression analysis of liver derived cRNA from HCV

infected chimpanzees reveal many changes in genes associated
with lipid metabolism (Su et al., 2002). Some genes such as per-
oxisome proliferator activated receptor � (PPAR-�), flotillin 2 and
hepatic lipase C are repressed while UDP-glucose ceramide glu-
cosyltransferase (UGCG), serum response element binding protein
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SREBP), lipase A and fatty acid synthase (FAS) are expressed at
igher levels. More recently, proteomic analysis of HCV infected
ell culture supernatant revealed highly enriched fractions of FAS
nd apolipoprotein E (Yang et al., 2008). These metabolic alteration
ould likely support the formation of lipid droplets that are for HCV

udding.
Interesting studies have also been carried out on human

ytomegalovirus (HCMV) infected cells. HCMV appears to increase
etabolic flux of citrate through the tricarboxylic acid cycle and

ts efflux to the fatty acid biosynthesis pathway as malonyl-CoA
Munger et al., 2008). This mirrors a similar need for lipogen-
sis as in HCV infections. On a separate note, HCMV infection
lso appears to stimulate sphingolipid biosynthesis in infected
ost cells during early stage of infection (Machesky et al., 2008).
pecifically, HCMV causes an accumulation of sphingosine kinase

(SphK1) and increased activity of SphK1, resulting in the
ncrease in dihydrosphingosine-1-phosphate. More importantly,
phK1 activity promotes the accumulation of the HCMV transcrip-
ional transactivator IE1. In addition, there is also enhancement of
e novo sphingolipid synthesis that increases dihydrosphingosine
nd ceramide levels in the infected host cell although the conse-
uences of these effects are still unknown.

.9. Virus assembly

Viral assembly and budding represents the last stage of the jour-
ey through the host cell. At this stage, newly synthesized virus
enomes and its protein products are targeted to membrane assem-
ly sites where final budding also takes place. Depending on the
irus, these sites can occur at various intracellular organelles such
s nuclear envelopes (e.g. herpes simplex virus), ER (e.g. dengue
irus), Golgi (e.g. cytomegalovirus) or lipid droplets (e.g. hepatitis
virus) as well as distinct microdomains in the plasma membrane

e.g. human immunodeficiency virus, influenza A virus and respi-
atory syncitial virus).

.10. Role of plasma membrane microdomains during virus
udding

A widely discussed concept stems from the idea that enveloped
iruses are targeted to and bud from specialized plasma membrane
icrodomains (Fig. 1B). The synergistic and partially lipid-driven

ackaging of cholesterol, sphingolipids and saturated glycerophos-
holipids into membrane microdomains accounts for the unique
iophysical characteristics of this liquid-ordered (lo) state (Simons
nd Vaz, 2004; Hanzal-Bayer and Hancock, 2007). Certain proteins
ith a high affinity for lipid rafts are also selectively incorpo-

ated into lipid rafts. The molecular signal for lipid-raft affinity
f peripheral and transmembrane proteins is based on cova-
ent modifications with myristoyl and palmitoyl residues (Brown,
006). Most importantly, it is well known that viral proteins are
yristoylated and/or palmitoylated (Resh, 1999; Maurer-Stroh and

isenhaber, 2004). For instance retrovirus Gag and Nef proteins
re typically myristoylated (Hizi et al., 1989; Shoji et al., 1989;
u and Felsted, 1992; Ono and Freed, 1999; Campbell et al., 2001)
hile Env glycoproteins are palmitoylated (Resh, 1999). Palmitoy-

ation has also been observed in HA and M2 proteins of influenza
irus (Melkonian et al., 1999; Tatulian and Tamm, 2000; Thaa
t al., 2009). Such observations are in line with studies show-
ng that “lipid rafts” are hijacked during HIV (Ono and Freed,
001; Pickl et al., 2001; Nguyen et al., 2003) and influenza virus

Scheiffele et al., 1999; Takeda et al., 2003; Calistri et al., 2009)
ssembly and budding. Other examples of lipid-raft dependent
iruses include Ebola and Marburg viruses (Bavari et al., 2002),
easles virus (Manie et al., 2000; Vincent et al., 2000), Newcas-

le disease virus (Dolganiuc et al., 2003; Laliberte et al., 2006)
s of Lipids 163 (2010) 449–459

and respiratory syncytial virus (Marty et al., 2004; Money et al.,
2009).

The interpretation of some studies pertaining to raft-associated
enveloped virus budding is inherently controversial. One common
method of assigning lipid-raft association is through co-flotation
of viral proteins with lipid-raft membranes and marker proteins
in density gradients after cold detergent treatments (Briggs et al.,
2003). This procedure is based on the idea that pre-existing lipid raft
form insoluble detergent resistant membranes (DRM) when treated
with low concentrations of a non-ionic detergent. However it is
clear that the use of different detergents can alter membrane phase
separation and lipid-raft composition (Pike et al., 2005). Hence,
neither presence nor absence of proteins in DRM fraction is suf-
ficient to assign lipid-raft association (Hanzal-Bayer and Hancock,
2007). A second common method is to disrupt lipid raft by choles-
terol depletion from the plasma membrane using �-cyclodextrins
(Briggs et al., 2003). However, cyclodextrin treatment may result
in additional cholesterol-independent effects on membrane pro-
tein mobility that can negatively impact assembly and budding
(Shvartsman et al., 2003). Nonetheless, there is equally compelling
evidence for lipid-raft association from observations that (1) viral
proteins are co-localized with raft markers by immunofluorescence
microscopy (Briggs et al., 2003) and (2) purified virus particles are
enriched in raft lipids including cholesterol, sphingomyelin and gly-
cosphingolipids relative to bulk cellular lipid composition (Aloia et
al., 1993; van Genderen et al., 1994; Scheiffele et al., 1999; Brugger
et al., 2006; Chan et al., 2008).

The heterogeneity of cellular lipid rafts and its biological
implications for enveloped virus assembly and budding is highly
intriguing. For example, the depletion of cholesterol from the
plasma membrane enhances influenza virus production (Barman
and Nayak, 2007) as opposed to HIV production which is sig-
nificantly inhibited (Ono and Freed, 2001; Pickl et al., 2001).
Additionally, when influenza HA and HIV gag proteins are
expressed in the same cells, they do not co-localize with each other
on the plasma membrane (Khurana et al., 2007). Similarly, the Ebola
virus glycoprotein (GP) and HIV envelope protein (Env) also do not
co-localize with each other on the plasma membrane and that pseu-
dotyped virus like particles (VLP) exclusively carried either only GP
or Env despite their expression in the same producer cell (Leung et
al., 2008). Putting these findings into a common context, it is clear
that these enveloped viruses (and likely others) use different types
of plasma membrane lipid rafts for virus production and that these
microdomains are distinct with regard to their lipid and protein
composition.

1.11. Phosphoinositides target virus proteins to the assembly site

While lipid rafts provide an attractive description of how viral
membranes are formed, the precise molecular interaction between
viral protein and the membrane is less evident. An early clue to this
issue was provided by the observation that MA domain of retrovi-
ral Gag directs the polypeptide precursor to the plasma membrane
via a bipartite motif consisting of an N-terminal myristic acid
that is covalently attached (Bryant and Ratner, 1990) and a highly
basic cluster of amino acid residues (Yuan et al., 1993). However,
myristoylation modification alone cannot be solely responsible for
Gag transport to the plasma membrane since not all myristoy-
lated proteins are associated with the plasma membrane (Resh,
1999). Moreover, non-myristoylated Gag from retroviruses like

Rous sarcoma virus (RSV) and EIAV, are still targeted to the plasma
membrane for assembly and budding (Conte and Matthews, 1998).
Hence, the additional signal for plasma membrane binding must
reside within the basic cluster of positively charged amino acid
residues.
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The cytosolic surface of the plasma membrane carries an
ppreciable negative charge due to the large proportion of neg-
tively charged phospholipids (Fig. 1B). The most abundant of
hese phospholipids is the monovalent acidic phosphatidylser-
ne (PS), which represents 10–20% of plasma membrane lipids
Vance and Steenbergen, 2005). In addition to PS, other neg-
tively charged phospholipids appear to be enriched in the
nner leaflet of the plasma membrane including phospha-
idic acid (PA), phosphatidylinositol (PI) and their polyphos-
horylated derivatives (collectively termed as phosphoinosi-
ides) such as phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2)
nd phosphatidylinositol-3,4,5-triphosphate (PI(3,4,5)P3). While
I(4,5)P2 and PI(3,4,5)P3 represent only a minor fraction of the
lasma membrane lipids, they play multiple roles in diverse cellular
unctions (Rusten and Stenmark, 2006). Therefore, their concen-
ration is tightly regulated enzymatically by a significant number
f kinases and phosphatases (Downes et al., 2005) and spatially
y reversible phosphoinositide binding proteins such as MARCKS
McLaughlin and Murray, 2005).

The complementary charge state of Gag MA and inner plasma
embrane surface intuitively suggests an electrostatic mechanism

y which Gag interacts with the membrane. This early hypothesis
as supported by liposome pull-down assays showing that Gag can

e enriched by liposomes containing PS (Zhou et al., 1994). A link
etween phosphoinositides and retrovirus assembly was provided
y the observation that inositol polyphosphate molecules are able
o promote cell free assembly of virus like particles from recom-
inant HIV-1 Gag molecules (Campbell et al., 2001). In cell based
ystems, the depletion of plasma membrane PI(4,5)P2 inhibits HIV
ssembly and leads to accumulation of Gag at late endosomes and
ulti vesicular bodies (Ono et al., 2004). The work of Saad et al.

2006) provided a structural framework for Gag and PI(4,5)P2 bind-
ng during HIV-1 assembly. Essentially, Gag binds specifically to
I(4,5)P2 through the hydrophobic cleft in Gag MA domain and the
nositol headgroup and 2′ fatty acid chain of the lipid molecule. This
nteraction causes the MA myristic acid moiety to flip out from a
equestered to an exposed conformation thereby increasing Gag
embrane partitioning.
An interesting feature of this myristic switch model is that it

econciles an apparent conflict with the lipid-raft model (Freed,
006). As mentioned above, lipid rafts are concentrated in saturated
lycerophospholipids. Because the predominant form of PI(4,5)P2
n cells contains a saturated 1′ fatty acid side (C18:0) chain and a
oly-unsaturated 2′ side chain (C20:4), PI(4,5)P2 may equilibrate
etween raft and non-raft domains in the membrane. During Gag
inding, the 2′ side chain is extruded from the lipid bilayer and
acked into MA, with myristic acid taking its place in the bilayer.
ence, the PI(4,5)P2–Gag complex is now anchored by the fully

aturated 1′ fatty acid and myristic acid and will exhibit increased
ffinity for lipid rafts.

Importantly, the function of PI(4,5)P2 dependent membrane
argeting is not confined to HIV but other retroviruses as well
Murray et al., 2005; Chan et al., 2008). In addition, other families
f enveloped viruses such as influenza virus (Ruigrok et al., 2000;
haa et al., 2009), Ebola virus (Timmins et al., 2004), VSV (Gaudier
t al., 2002) and RSV (Money et al., 2009) which expresses similar
atrix proteins with surface exposed polybasic domains, may also

se phosphoinositides or other anionic phospholipids in a similar
echanism for plasma membrane targeting.
Besides serving as a targeting signal for viral structural proteins,

urther roles for PI(4,5)P2 or other phosphoinositides isoforms

emain a distinct possibility. PI(4,5)P2 is intimately involved in the
nward and outward bending of plasma membrane. During endo-
ytosis, BAR domain proteins bind to PI(4,5)P2 rich membranes to
orm inward invaginations (Itoh et al., 2005; Hess et al., 2007).
onversely, during the formation of filopodia, MIM and IRSp53,
s of Lipids 163 (2010) 449–459 455

proteins which contain BAR-like domains, can lead to the forma-
tion of outward bending of PI(4,5)P2 rich membranes (Mattila et
al., 2007). If PI(4,5)P2 lipids are highly enriched in viral envelopes,
as is the case with retroviruses (Chan et al., 2008), it is possible
that the PI(4,5)P2 interaction with cellular protein may contribute
to the induction of membrane curvature during virus assembly and
budding.

2. Extracellular virus

2.1. Lipid-bilayer functions as a protective shell for extracellular
virus

Between leaving one host cell and infecting the next, an
enveloped virus is exposed to an extremely hostile environment.
The extracellular environment is full of degradative enzymes
released from dead or leaky cells or deliberately secreted by
immune cells as defense against infections. In addition, physical
damage such as shearing by mechanical forces and chemical mod-
ification by ultraviolet light and extreme pH conditions are also
possible. Thus, the most obvious and simplistic view of the lipid
envelope is to provide a protective shell for the fragile nucleic
acid an extracellular enveloped virus in order to ensure successful
transmission. High levels of lipid ordering and membrane rigid-
ity has been reported with HIV (Aloia et al., 1988, 1993) and a
range of other retroviruses as well, including equine infectious ane-
mia virus (EIAV), bovine leukemia virus (BLV), murine leukemia
virus (MLV) and avian myelolastosis virus (Slosberg and Montelaro,
1982). However, extracellular protection is perhaps most impor-
tant for enveloped viruses that rely on air borne transmission such
as the flu virus. More recent work showed that the flu virus enve-
lope increases its equilibrium of lipid ordered to disordered phases
at lower than physiological temperatures, which would lead to
the increased survival of the virus at environmental temperatures
(Polozov et al., 2008).

While enveloped viruses derive their lipid envelope from host
membranes, they acquire a unique lipid composition that distin-
guishes them from the bulk lipid composition of host membranes
(Fig. 1C). The lipid inventory of purified enveloped viruses includ-
ing HIV (Aloia et al., 1988, 1993; Brugger et al., 2006; Chan et al.,
2008), HSV (van Genderen et al., 1994), RSV (Quigley et al., 1971,
1972), VSV (McSharry and Wagner, 1971; van Meer and Simons,
1982) and Influenza Virus (Scheiffele et al., 1999; Blom et al., 2001)
have been analyzed biochemically. The striking result from these
analyses is that viral envelopes typically feature a high choles-
terol/sphingomyelin to phospholipids ratio and also a propensity
for highly saturated phospholipid lipid inventory, consistent with
lipid microdomains. The structural basis for membrane rigidity
and protection is thus three folds: (1) The sphingolipids interact
laterally through van der Waals interactions and extensive hydro-
gen bonding between the sphingosine backbones and between the
sugar head groups (Ramstedt and Slotte, 2006). (2) The majority
of sphingolipids and phospholipids have saturated, and therefore
unlinked, acyl chains that allow tighter packing of laterally asso-
ciated lipids and a higher gel–liquid phase transition temperature
(Ramstedt and Slotte, 2002). (3) The hydroxyl group of cholesterol
hydrogen bonds with the ceramide group of sphingolipids, while
its planar sterol ring interacts with the saturated acyl chain (Xu and
London, 2000; Ramstedt and Slotte, 2006). As a proof of concept, it
has been shown that the removal of virion-associated cholesterol

using �-cyclodextrin permeabilized the viral membrane of HIV,
SIV and influenza virus and the enveloped viruses became inac-
tivated due to a loss in their protein core and genome integrity
(Graham et al., 2003; Barman and Nayak, 2007; Ambrose et al.,
2008).
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.2. Lipids that mediate virus budding and entry

An equally intuitive role of the virus envelope is to provide the
edium by which the nascent retrovirus can form a protrusion

t the assembly site before finally budding from the site through
ssion (Fig. 1B). This envelope composition must subsequently
llow efficient fusion of the extracellular virus with the membrane
f a new host cell. For both events to occur, both cell and virus
ssociated membrane bilayers must generate membrane curvature
hrough a coordinated sequence of events involving membrane
roteins and lipids to provide the physical forces required to dis-
upt the original membrane bilayers (McMahon and Gallop, 2005;
immerberg and Kozlov, 2006). In many enveloped viruses, fission
ccurs through interaction of the late domain of their matrix pro-
ein with the endosomal sorting complex required for transport
ESCRT) machinery, which is a collection of approximately 20 host
roteins that mediate cargo protein sorting into the endosomal
athway under normal cellular function (Calistri et al., 2009). Dur-

ng fusion, a part of this energy is provided by the interaction of
he viral fusion machinery with its partner receptor, e.g. HIV Env
ith CD4, Influenza hemagglutinin with cell sialic acid containing

ell surface receptors and Dengue E-glycoprotein with DC-SIGN.
further aspect of dynamic membrane energy is provided by the

resence of particular lipids that are capable of producing curva-
ure spontaneously or through interaction with protein partners as
iscussed above with phosphoinositides during budding.

The underlying basis of lipids producing spontaneous curvature
epends very much on its individual molecular geometry. Lipids
hat have conical and inverted-conical shapes promote negative
nd positive spontaneous curvature respectively. Conical lipids are
haracterized by a relatively small head group compared to its
atty acyl portion and are represented by PA, cholesterol, ceramide,
iacylglycerol (DG) and phosphatidylethanolamine (PE). Inverted-
onical lipids are characterized by a large head group compared
o its fatty acyl portion and are represented mainly by lysolipids,
.e. lipids with a single fatty acyl chain. On the other hand, PS and
hosphatidylcholine (PC) have relatively low spontaneous curva-
ure because their large head group compensates for the double
atty acyl chains, giving these lipids a cylindrical shape. In theory,

embrane in a state of dynamic flux should exhibit local accumu-
ations of curvature forming lipids and a concomitant decrease in
ylindrical lipids in membrane regions with a highly bent struc-
ure. This would lead to an energetically favorable state that allows

embrane rupture and mixing needed to complete fission or fusion
ctivities.

One would expect lipids to play a major role in directing mem-
rane activity in viruses during budding and entry. Earlier studies
howed that virus envelopes of VSV (Fong et al., 1976; Fong and
rown, 1978), Rous sarcoma virus (Quigley et al., 1971), Newcas-
le disease virus (Quigley et al., 1971), Sendai virus (Barnes et al.,
987) and Influenza virus (Rothman et al., 1976; Bukrinskaya et
l., 1987; Zhang et al., 2000; Blom et al., 2001) were enriched in
verall PE content. Most importantly, recent lipidomics analysis
f HIV particles found strong enrichment of plasmalogen PE (pPE)
olecules (Brugger et al., 2006; Chan et al., 2008), a lipid class with

trong fusogenic activity (Glaser and Gross, 1994), compared to
otal cellular levels. The loss of carbonyl oxygen and the presence of
he vinyl ether double bond give pPE different physical properties
hen compared to their diacyl PE counterparts. For instance, pPE

ends to form non-bilayer Hex II structures at or below 30 ◦C, while
iacyl analogues form these structures at much higher tempera-

ures (Glaser and Gross, 1994; Lohner, 1996). Energetically, this
ould mean easier formation of the hemi-fusion stalk-like state

o that budding and entry become less challenging for enveloped
iruses. Consistent with this idea, it has been shown in both
lass I (Gunther-Ausborn et al., 1995; Martin and Ruysschaert,
s of Lipids 163 (2010) 449–459

1995; Gunther-Ausborn and Stegmann, 1997; Chernomordik et al.,
1998) and class II (Stiasny and Heinz, 2004) viruses, the presence
of inverted-cone shaped lipids in the target membrane severely
inhibit the fusion mechanism while cone shaped lipids such as PE
enhance it.

3. Conclusion

Many of the enveloped viruses presented here are the cause of
serious infectious diseases around the world. We have summarized
reported evidence that these enveloped viruses are able to manipu-
late host cell lipid metabolism and membrane dynamics to support
a wide range of replication strategies. A deeper understanding of
these mechanisms may therefore contribute to the development of
new therapeutics for the treatment of such diseases.
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