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Abstract: Several notable human diseases are caused by enveloped RNA viruses: Influenza, AIDS,
hepatitis C, dengue hemorrhagic fever, microcephaly, and Guillain–Barré Syndrome. Being enveloped,
the life cycle of this group of viruses is critically dependent on host lipid biosynthesis. Viral binding
and entry involve interactions between viral envelope glycoproteins and cellular receptors localized
to lipid-rich regions of the plasma membrane. Subsequent infection by these viruses leads to
reorganization of cellular membranes and lipid metabolism to support the production of new viral
particles. Recent work has focused on defining the involvement of specific lipid classes in the entry,
genome replication assembly, and viral particle formation of these viruses in hopes of identifying
potential therapeutic targets for the treatment or prevention of disease. In this review, we will
highlight the role of host sphingolipids in the lifecycle of several medically important enveloped
RNA viruses.
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1. Introduction

Human viruses come in various shapes and sizes with DNA or RNA as their genetic material.
The focal point of this review is on enveloped RNA virus particles, which consist of a lipid bilayer
typically surrounding the genomic-RNA-protecting shell or capsid. While the lipid composition of the
envelope varies between these RNA viruses, it is often enriched in phospholipids, cholesterol, and
sphingolipids. In many instances, the integrity of the virus envelope is crucial for viral infectivity. For
example, specific phospholipids in the envelope of some members of the Flaviviridae family of viruses
are reported to facilitate virus attachment to host cells, a key step in viral entry [1–3].

Enveloped RNA viruses are further divided into two classes based on the polarity of the genome.
For example, most positive-stranded RNA viruses replicate exclusively in the cytoplasm of the infected
cell and in intimate contact with intracellular membranes. This strategy enables viral and host factors to
concentrate in distinct cellular locations to optimize a new virus particle’s formation and evade innate
immune responses [4–8]. By contrast, the replication cycles of some negative-stranded RNA viruses
(e.g. Influenza virus), and human immunodeficiency virus, occurs in the nucleus [9,10]. Hence, positive
and negative-stranded RNA viruses require a distinct set of host membranes, and the lipids present
therein, for successful virus propagation. This review will feature a few medically important enveloped
RNA viruses, such as hepatitis C virus (HCV), dengue virus (DENV), Zika virus (ZIKV), human
immunodeficiency virus (HIV), and influenza virus (IAV), and highlight the role of sphingolipids in
their replication cycle and pathogenesis.

Sphingolipids are important biomolecules found in all eukaryotic membranes. They regulate
membrane trafficking, cell signaling, and play a crucial role in influenza virus particles’ release or cell
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surface binding of HIV-1 glycoprotein gp120 [11,12]. They are also major constituents of lipid rafts,
which are integral components of the HCV replication complex [13,14]. Sphingolipid biosynthesis
starts with the conversion of palmitoyl-CoA and serine into ceramide, a sphingolipid byproduct of the
endoplasmic reticulum (ER) resident enzyme—serine palmitoyltransferase, or SPT [15–18] (Figure 1).
Ceramide can be carried by ceramide transport protein (CERT) [19] to the trans-Golgi where it is
converted into another sphingolipid called sphingomyelin. Alternatively, four-phosphate adaptor
protein 2, or FAPP2 [20], carries ceramide to the cis-Golgi where glucosylceramide synthase (GCS)
produces the first glycosphingolipid called glucosylceramide (GlcCer; Figure 1). Glucosylceramide is
subsequently converted into more complex glycosphingolipids including lactosylceramide (LacCer),
globosides (e.g., Gb3) and gangliosides (e.g., GM3, GM1, and GA1; Figure 1). GCS is the rate-limiting
enzyme in glycosphingolipid biosynthesis. The insufficiency or overproduction of glycosphingolipids
has been associated with disease in humans. Consequently, efforts were made to inhibit GCS activity
to reduce glucosylceramide accumulation in patients. One such GCS inhibitor, Genz-112638 [21], has
been approved for treating Gaucher disease linked to defective glucosylceramide catabolism [22–25]
(Figure 1). Sphingolipids and glycosphingolipids are found in distinct internal membranes as well as the
plasma membrane. Additionally, glycosphingolipids are highly enriched in neurons, skin epithelial cells
and might contribute to the tropism, replication and pathogenicity of viruses targeting related organs.
Traditional methods to detect sphingolipids and glycosphingolipids include thin liquid chromatography
(TLC) [20], high pressure thin liquid chromatography (HPTLC) [26], immunocytochemistry, and
enzyme-linked immunosorbent assay (ELISA) [27,28]. Recently, sphingolipids and glycosphingolipids
have been detected with state-of-the-art liquid chromatography coupled with mass spectrometry
(e.g., LC-MS/MS system). This approach has enabled investigators to accurately determine the levels of
sphingolipid and glycosphingolipid species in cells or tissues [28,29] and the impact of viral infection
on levels of these lipids [30].

Figure 1. Diagram of sphingolipid biosynthetic pathways in mammalian cells. The initial step in the
de novo biosynthesis of sphingolipids is the conversion of serine and palmitoyl CoA to ceramide.
Following that, ceramide is subjected to conversion to sphingomyelin or to various glycosphingolipid
intermediates on their way to becoming complex glycosphingolipids. The enzymes involved in the
synthesis of sphingolipids and glycosphingolipids are denoted in gold. Chemical inhibitors of key
enzymes are indicated in red. SGMS1/2: sphingomyelin synthase; GCS: glucosylceramide synthase;
B4G5: lactosylceramide synthase; ST3GAL5: lactosylceramide alpha-2,3-sialyltransferase or GM3
synthase; A4GalT: alpha 1,4-galactosyltransferase or Gb3 synthase; SPT: serine palmitoyl transferase;
CERT: ceramide transfer protein; FAPP2: four-phosphate adaptor protein 2; GlcCer: glucosylceramide;
LacCer: lactosylceramide.
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2. Hepatitis C Virus Propagation and Sphingolipids

Hepatitis C virus (HCV) is responsible for chronic liver disease in 60–90 million people
worldwide [31] and is a member of the Flaviviridae family of viruses that encompass dengue virus, West
Nile virus, and Zika virus. HCV is an enveloped virus with a positive-stranded RNA genome encoding
structural proteins (Core, E1, and E2) (Figure 2) required for infectious HCV particles formation. The
nonstructural proteins (NS2, NS3, NS4A, NS4B, NS5A, and NS5B) are involved in the replication of
HCV genome and the packaging of the newly generated genome [32,33]. Major insights in the molecular
and structural biology of HCV have led to the development of direct acting antivirals (DAAs) targeting
HCV NS34/A protease (e.g., Simeprivir and Voxilaprevir), NS5A (e.g., Ledipasvir and Pibrentasvir), and
NS5B RNA-dependent RNA polymerase or RDRp (e.g., Sofosbuvir and Dasabuvir) [34,35]. However,
the high error rate (2.5 × 10-5 per nucleotide per genome replication) [36] of the HCV RdRp has resulted
in the presence of resistance-associated variants [37,38]. Thus, novel antivirals targeting other HCV
proteins, or host factors, are needed.

Figure 2. Diagram of hepatitis C virus genome. The HCV genome consists of a single open reading
frame (ORF) flanked by the 5’ and 3’ untranslated regions (UTRs). The ORF is translated into a single
polyprotein, which is further processed into individual proteins. The 5’ and 3’ UTRs are critical for
internal ribosome binding, translation, and HCV genome replication.

2.1. Sphingolipids and HCV Entry

There is strong evidence in the literature implying that sphingolipids and glycosphingolipids play
an intimate role in HCV replication in liver cells. First, Merz et al. utilized lipid mass spectrometry
to demonstrate that affinity-purified HCV particles are enriched in sphingomyelin [39], suggesting
that sphingolipids are integral components of HCV envelope. This study did not address the role
of sphingomyelin in HCV propagation, but another study by Aizaki et al. [40] demonstrated that
sphingomyelin facilitates HCV internalization, perhaps via fusion of the virus envelope with endocytic
membrane to release HCV genome into the cytoplasm.

2.2. Sphingolipids, Glycosphingolipids, and HCV Genome Replication

Sphingolipids are also known to facilitate HCV genome replication. In one study led by Hirata et al.
[14], the authors showed that HCV infection stimulates sphingomyelin production, leading to
sphingomyelin enrichment in the HCV replication complex and sphingomyelin-induced stimulation of
HCV RNA-dependent RNA polymerase to synthesize more viral RNA. During infection, HCV induces
the formation of a distinct membrane structure in the cell. This platform called the membranous
web [4,41,42] recruits viral and host factors to foster HCV genome amplification. In another study
from our laboratory, we found that HCV redirects the glycosphingolipid carrier protein, FAPP2
(Figure 1), to the membranous web to facilitate HCV genome replication [20]. It is likely that FAPP2
transports glycosphingolipids to the virus replication platform, as FAPP2 knockdown impedes HCV
replication, whereas providing glycosphingolipids to the FAPP2 knockdown cells rescues HCV genome
replication [20]. Finally, FAPP2 knockdown was found to disrupt the membranous web and alter the
colocalization of HCV replicase proteins, implying that FAPP2 and/or glycosphingolipids contribute to
the formation or maintenance of the HCV replication platform.
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3. Flavivirus Propagation and Sphingolipids

Dengue virus (DENV), West Nile virus (WNV), and Zika virus (ZIKV) are archetype flaviviruses
transmitted by mosquitoes, mainly Aedes aegypti and Aedes albopictus. According to the world health
organization, DENV is responsible for 50–100 million infections each year with mild complications
resembling flu-like symptoms and major complications, including deadly dengue hemorrhagic fever.
WNV causes flu-like symptoms, neuroinvasive disease, and death in many countries in the world.
WNV was first introduced in the United States (US) in 1999 from infected Israeli birds imported into
New York state. The virus has now spread to most states and is responsible for many deaths in birds,
humans and horses. By contrast, ZIKV only emerged as a global health concern since 2016, due
its association with neurological disorders, such as microcephaly in newborns and Guillain–Barré
syndrome in adults [27,43]. Like hepatitis C virus (HCV), DENV, WNV, and ZIKV are enveloped
viruses. Unlike HCV, the positive-stranded RNA genome of these flaviviruses encodes a slightly
different set of structural proteins (Core, E, and prM) (Figure 3) required for virus particle formation,
and nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, NS5) involved in viral genome
replication, packaging, and pathogenesis [44–46]. No effective vaccine or specific antiviral treatments
are currently available for DENV, WNV, or ZIKV infection.

Figure 3. Organization of a flavivirus genome. The genome of flaviviruses, such as dengue and Zika, is
~11 kb in size and encodes a single, large polyprotein, which is proteolytically processed into three
structural proteins and seven nonstructural proteins. The 5’ end of the genome contains a cap structure
critical for the initiation of translation. RNA structures present in the 5’ and 3’ untranslated regions
(UTR) are critical for capping and genome replication.

3.1. DENV Propagation and Sphingolipids

There is evidence that sphingolipids and glycosphingolipids are also required for the replication
of some flaviviruses. For example, DENV has been reported to upregulate the expression of
sphingolipids (ceramide and sphingomyelin) in mosquito cells and cause an accumulation of these
lipids in a membrane fraction enriched in the viral replication complex [30]. That study did not
directly address the role of sphingolipids in DENV replication. In a different study, Wang et al. [47]
exploited mouse melanoma WT cells (B16) and a mutant counterpart (GM95) to demonstrate that the
glycosphingolipid GM3 is required for DENV genome replication. The authors found higher levels of
GM3 in DENV-infected cells and relocalization of GM3 to sites where DENV replicates its genome.
Importantly, the authors found that inhibition of GM3 synthesis with soyasaponin I increases the
survival rate of DENV-infected mice [47]. While the exact role of GM3 in DENV genome replication is
currently unknown, these in vivo findings raise the prospect that pharmacological inhibitors targeting
GM3 synthesis can serve as a foundation for new antiviral therapy.

3.2. WNV Propagation and Sphingolipids

3.2.1. Sphingolipids and WNV Entry and Genome Replication

The role of sphingomyelin in WNV replication is well documented. A study by Martin-Acebes
and colleagues [48] showed that WNV replicates at a much higher level in mice deficient in acid
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sphingomyelinase (unable to catabolize sphingomyelin), or cells derived from Niemann–Pick disease
type A patients (NPA; accumulate sphingomyelin) relative to the their wild type controls. This
suggested that sphingomyelin accumulation enhances WNV infectivity. Consistent with these findings,
adding sphingomyelin to infected fibroblast cells markedly increased WNV infectivity. Further
analysis showed that sphingomyelin colocalizes with WNV dsRNA at cytoplasmic foci, implying
that sphingomyelin plays a role in the formation of the WNV replication platform [48]. Interestingly,
pharmacological inhibitors of sphingomyelin synthesis (DS609 and SPK-601) markedly reduced the
infectivity of WNV released from infected cells, but had little impact on the amount of released
viral genome [48]. These findings imply that sphingomyelin is also required for WNV attachment,
internalization, and/or virus–endosome fusion.

3.2.2. Sphingolipids and WNV Particle Formation

In an earlier report, Martin-Acebes and colleagues [49] also showed that WNV particles were
enriched in sphingomyelin. Surprisingly, pharmacological inhibition of neutral sphingomyelinase
(converts sphingomyelin into ceramide and phosphorylcholine) reduced WNV release from infected
cells, implying perhaps that ceramide generated from sphingomyelin catabolism is critical for the
infectious WNV particle. Subsequent analysis showed that inhibition of neutral sphingomyelinase
activity reduces the budding of the immature WNV particles, a crucial step in infectious WNV particle
formation [49]. While this study appears to be at odds with the putative role of sphingomyelin in WNV
entry, it also highlights the role of sphingomyelin in two distinct steps of the WNV replication cycle.

3.3. ZIKV Replication and Sphingolipids

The role of sphingolipids and glycosphingolipids in ZIKV replication is not well understood. This
is crucial because ZIKV patients with Guillain–Barré Syndrome, have elevated levels of antibodies
targeting gangliosides GM2, GM1, GA1, and GD1 [27], hence highlighting the need to define the role
of glucosylceramide-derived glycosphingolipids in ZIKV infectivity. Our group has evidence that
ZIKV particles are enriched in sphingomyelin, ceramide, and glucosylecramide (unpublished data).
Our current data suggest that glycosphingolipids leading to gangliosides biosynthesis (Figure 1) are
required for ZIKV particle assembly (unpublished data). Current efforts are focused on understanding
how sphingolipids and glycosphingolipids regulate ZIKV infectivity.

4. Human Immunodeficiency Virus’s Propagation and Sphingolipids

Human immunodeficiency virus (HIV) is responsible for acquired immunodeficiency syndrome
(AIDS) worldwide. In 2017 alone, approximately one-million people died of AIDS-related illnesses,
highlighting the need for alternative or complementary remedies to eradicate HIV infection. HIV is
an enveloped virus with two identical single-stranded RNAs which serve as a template for reverse
transcription into a single double-stranded DNA intermediate that can integrate into the host genome.
This DNA is the template for RNA that codes for new genomes or for viral proteins. Full-length
RNA codes for a structural polyprotein that includes matrix (MA), capsid (CA), and nucleocapsid
(NC) (Figure 4). Inefficient supression of a stop codon between the gag and the downstream pol
reading frame produces a polyprotein that is extended to include the pol proteins protease (PR), reverse
transcriptase (RT), and integrase (IN). All are cut into their constituent parts by PR. A singly spliced
mRNA encodes the env glycoproteins gp41 (TM, transmembrane, a fusion protein) and gp120 (SU,
surface glycoprotein). Other more extensively spliced messages, encode the regulatory proteins Tat,
a transactivator of transcription, and Rev, an HIV-specific RNA exporter. Yet other messages code
for accessory proteins Vif and Vpr, which facilitate the degradation of cellular defense proteins, and
Vpu and Nef, which remove cellular proteins from the cell surface [50,51]. Knowledge of HIV biology
and pathogenesis has lead to the identification of several pharmacological targets for antiretroviral
drug therapy. Following approval of the first anti-HIV drug viral azidothymidine (AZT; nucleoside
reverse transcriptase inhibitor), additional classes of drugs targeting viral attachment/fusion, viral
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genome replication, integrase activity, and the viral protease have been developed, some of which
were subsequently included in combinational antiretroviral drug therapy, resulting in effective clinical
management of HIV infection and AIDS-related illnesses [52]. Despite the efficacy and availability of
these drugs, there exist several challenges that necessitate continued research in the identification of
new viral targets and anti-HIV agents [53,54]. There is a continual threat of drug resistance due to
HIV’s high mutation rate. Each class of currently available drug has the potential to cause acute and
chronic toxicities in patients (e.g., cardiovascular and metabolic abnormalities). Lastly, side-effects of
the drugs adversely impact patient compliance.

Figure 4. Organization of the HIV-1 genome. The HIV-1 genome consists of two identical copies of
noncovalently linked, linear, positive-sense, single-stranded RNA molecules. Each identical copy
contains nine genes that encode fifteen proteins. Many of the proteins are synthesized as precursor
polyproteins which are proteolytically processed by host or viral proteases into individual proteins
with roles in viral architecture, replication, regulation of cellular functions, and evasion of the host
defenses. The gag gene encodes viral proteins involved in the structure of the virus. The pol gene
encodes viral proteins critical for replication and integration of provirus into the host genome. The env
gene encodes proteins needed for viral attachment and fusion with target cells.

4.1. Glycosphingolipids and HIV Entry

Glycosphingolipids are also key players in HIV infection. HIV-1 infection of susceptible cells
involves fusion of the HIV membrane with the host cell membrane. This process involves interactions
between the viral gp120 and gp 41 envelope glycoproteins and CD4 and chemokine coreceptors
(CXCR4 or CCR5) on the host cell. Several studies have implicated glycosphingolipids in the fusion
process. Hug et al. demonstrated that glucosylceramide-derived glycosphingolipids found on
the target cell membrane are involved in the organization of gp120–gp41, CD4, and chemokine
receptors into a membrane fusion complex [55]. Rawat et al. reported that expression levels of the
membrane ganglioside GM3 impact CD4-dependent viral fusion and infection [56]. Furthermore,
several glycosphingolipids (galactosylceramide, GD3, Gb3, and GM3) have been reported to bind to
the HIV gp120 envelope protein and contribute in some cases to the HIV infection of CD4 negative
cells [57–60]. Specifically, HIV-1 entry was impaired in human colonic cells (HT29; CD4 negative cells)
with a synthetic analog or a monoclonal antibody to galactosylceramide (GalCer) [60,61], implying
that GalCer is an alternative receptor for HIV replication entry. Similarly, antibodies to GalCer reduced
HIV infectivity andinternalization in two CD4-negative neural cell lines, U373-MG and SK-N-MC [58].
Altogether, these findings imply that glycosphingolipids contribute to HIV membrane fusion and can
serve as alternative receptors for HIV entry in some cells.
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4.2. Glycosphingolipids and HIV Budding

HIV particle assembly and budding takes place in the plasma membrane’s lipid rafts which
contain high levels of cholesterol, sphingolipid (sphingomyelin), and glycosphingolipids. Notably,
genetic analysis and lipid mass spectrometry showed that the HIV particle is enriched in sphingolipids
(sphingomyelin and dihydro sphingomyelin) and glycosphingolipids (hexosylceramide, GM3, GM2,
GM1) [62–65], implying that sphingolipids contribute to the biogenesis of infectious HIV particle
and are acquired during HIV budding. There is also increasing evidence that glycosphinolipids help
facilitate HIV’s infection of macrophages. Indeed, multiple studies have shown that GM3, GM2, and
GM1 in HIV’s envelope interact with Siglec-1, a molecule that specifically binds to the sialyllactose
moiety in glycosphinolipids [64–66]. This interaction between glycosphinolipids and Siglec-1 captures
HIVs on macrophages, which might exist as a reservoir for HIV’s transmission to T cells.

5. Influenza Virus Propagation and Sphingolipids

Seasonal influenza epidemics are responsible for over 200,000 hospitalizations in the United States
and up to 500,000 deaths worldwide each year. Influenza A (IAV) is an enveloped virus possessing a
negative sense, single-stranded, segmented RNA genome. Eight RNA segments encode 11 different
viral proteins (Figure 5). The envelope spike glycoproteins HA and NA mediate viral entry and release,
respectively, and serve as antigenic determinants of the virus. M2 is proton-selective ion channel
involved in uncoating once the virus has entered the cell. Matrix protein (M1) forms a matrix under the
viral envelope which is critical for maintaining the integrity and shape of the intact viral particle. Each
segment of viral RNA is encapsulated with nucleocapsid protein (NP) and associated with the trimeric
polymerase complex (PB1, PB2, and PA), forming what are referred to as a viral ribonucleoprotein
complex (vRNP). Non-structural protein 1 (NS1) plays a critical role in evasion of host immunity.
Non-structural protein 2 (NS2) is involved in the export of newly synthesized vRNPs from the nucleus
to the cytoplasm for packaging.

The two classes of flu antiviral drugs include M2 ion channel blockers (e.g., amantadine and
rimantadine) and neuraminidase inhibitors (e.g., zanamivir, oseltamivir). Early administration of
these antivirals reduces disease symptoms, shortens the duration of illness, reduces hospitalization
rates, and reduces viral transmission [67,68]. However, replication of the IAV genome involves a high
error rate (10−3 to 10−4 substititution per genome) [69,70], resulting in the frequent accumulation of
amino acid changes in IAV proteins. These changes enable IAV to evade host immunity acquired by
prior exposure or vaccination and is the reason why IAV vaccines must be reformulated annually.
Additionally, these amino acid changes may allow the virus to develop resistance against currently
available antiviral agents that target the activity of the flu NA protein. As such, novel antivirals against
influenza are critically needed.
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Figure 5. Organization of the Influenza A virus’s genome. The influenza A virus’s (IAV’s) genome
consists of eight segments of negative-sense, single-stranded RNA. Encoded by the genome are three
polymerase proteins (PA, PB1, and PB2), nucleoprotein (NP), and two envelope proteins (HA and NA).
The M and NS mRNAs can be alternatively spliced to yield M1 and M2, and NS1 and NS2 proteins,
respectively. Boxes indicate coding regions, sized relative to the other gene segments. Black lines at
each end represent the 3’ and 5’ untranslated regions. The total length of each segment (conding and
non-coding regions) in nucleotides (nt) is indicated. Figure adapted from Bouvier and Palese [71].

5.1. Sphingolipids and IAV Entry

The influenza virus’s envelope, derived from the host cell’s plasma membrane, consists of a lipid
bilayer decorated with the viral hemagglutinin (HA), neuraminidase (NA), and M2 proteins. The lipidome
of purfied IAV particles consists of glycerophospholipids and sterols (primarily cholesterol) [72,73].
Further, almost all sphingolipid classes were detected in the viral envelope [72]. Attachment and
entry into host cells requires interactions between the viral HA, concentrated in microdomains on the
viral envelope, and sialic acid residues present on the cell surface. These microdomains, paralleling
the lipids rafts present on the cell surface, are enriched with cholesterol and various sphingolipids,
including sphingomyelin and glycosphingolipids [74–76]. Residues in the transmembrane domain
and cytoplasmic tail of IAV HA are important for its association with lipid microdomains [75,76].
Disruption of these microdomains has an adverse effect on viral attachment. Sun and Whittaker
showed that pretreatment of IAV virions with methly-β-cyclodextrin to deplete envelope cholesterol
resulted in reduced viral fusion and infectivity [77]. Though not examined in their study, the authors
suggested that cholesterol depletion perturbed the organization of HA in envelope lipid microdomains.
Viral infectivity has been found to be reduced by approximately a thousandfold when HA fails to
associate with lipid microdomains [75]. Similarly, it is expected that depletion of the IAV envelope
sphingolipds would adversely impact IAV binding and infectivity.

5.2. Sphingolipids and IAV Replication

Following binding to host target cells, influenza virus enters the cytoplasm via receptor-mediated
endocytosis. The viral M2 ion channel protein allows the influx of protons into the virion, triggering
the release of viral ribonucleoproteins (vRNPs) into the cytoplasm. The vRNPs, made up of viral
negative-stranded RNA, viral NP, and the viral RNA polymerase complex, then travel to the nucleus for
transcription and replication of the influenza virus genome. Research suggests that products derived
from sphingolipids are involved in influenza virus’s genome replication. Seo et al. [78] found that
cells infected with influenza virus possessed increased levels of the enzyme sphingosine kinase (SK1),
which converts sphingosine into sphingosine 1-phosphate (S1P). The authors further showed that
inhibition of SK1 impaired viral RNA synthesis and the subsequent nuclear export of newly generated
vRNPs. Similarly, it was demonstrated that SK1 is critical for the nuclear export of viral proteins (NP,
NS2, and M1) involved in transporting vRNPs from the nucleus to the cytoplasm [79].

5.3. Sphingolipids and IAV Egress

Like several other enveloped viruses, influenza uses “raft-like” microdomains on the cell surface
as platforms for viral assembly. Newly synthesized HA and NA concentrate in microdomains enriched
for sphingomyelin and cholesterol [76,80–82]. Tafesse et al. [12] showed that perturbation of host
sphingomyelin biosynthesis adversely impacted the trafficking of influenza virus HA and NA to the
cell surface, which in turn impaired viral maturation, budding, and release. Additionally, though
abbreviated treatment with methyl-β-cyclodextrin at the late stages of infection was found to increase
the release of viral particles from infected MDCK cells, the infectivity of the released particles was
significantly reduced, as their envelope possessed lower contents of cholesterol and disrupted raft
microdomains [83].
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6. Conclusions

The role of sphingolipids and glycosphingolipids has been overlooked for many years in viral
infection due to the difficulty of detecting or measuring these lipids. However, with the advent of
lipid mass spectrometry, it is now possible to accurately determine the level of sphingolipids and
glycosphingolipids in virus-infected cells and virus particles. Recent findings clearly imply that many
enveloped RNA viruses have evolved to leverage sphingolipids and/or glycosphingolipids to enter
target cells, replicate their genome, or form new virus particles enriched with these lipids (Figure 6).

Despite differences in the viral proteins and corresponding host cell receptor(s), the presence
of sphingolipids in the envelopes of HCV, flaviviruses, HIV, and IAV appears critical for the proper
organization of viral envelope proteins within microdomains to facilitate viral entry. Correspondingly,
cell surface receptors required for viral adsorption and subsequent entry are concentrated in
sphingolipid-rich microdomains present on host cell membranes, with sphingolipid itself serving
as an alternative receptor for some viruses (e.g., HIV). Several of the viruses (e.g., HCV and DENV)
discussed utilize specialized sites for genome replication. The trafficking of viral genomes and
required replication platforms appear dependent on vesicular networks which involve lipid moieties,
including sphingolipids. Lastly, the morphogeneses and egressions of the viruses discussed require the
trafficking and assembly of components to budding sites on host membranes enriched for sphingolipids.
Continued research is needed to ascertain the role of sphingolipids in the pathogenesis of these viruses
and other enveloped RNA viruses.

Sphingolipids and glycosphingolipids are critical for membrane integrity and depleting them
can have deleterious impact on distinct tissues or organs. However, minor changes in host
glycosphingolipids can have a much greater impact on viruses that need them for successful infection.
Hence, there is a need to develop more pharmacological inhibitors targeting sphingolipid and
glycosphingolipid metabolic pathways. These inhibitors have the potential for a broad-spectrum
antiviral activity. In addition, they can be combined with existing antivirals to increase their effectiveness
and reduce the cost of these drugs.

Figure 6. Sphingolipid involvement in the infection cycle of clinically important viruses. The three
lines indicate the steps involved in the replication of HCV and flaviviruses (red), HIV (green), and
influenza virus (yellow). Reported roles for lipids (sphingomyelin [SM], glycosphingolipids [GSL],
and/or cholesterol (Chol)) in the lifecycle of each virus are indicated.

Author Contributions: K.V.K. and E.J.Y. contributed equally to the final manuscript.



Viruses 2019, 11, 912 10 of 14

Funding: K.V.K. is supported by the Albany Medical College Bridge Grant. E.J.Y. is supported by an Albany
College of Pharmacy and Health Sciences Scholarship of Discovery Grant.

Acknowledgments: The authors thank Tammy Garren for her input on the design of figures and Carlos de
Noronha for his assistance with the editing of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Nowakowski, T.J.; Pollen, A.A.; Di Lullo, E.; Sandoval-Espinosa, C.; Bershteyn, M.; Kriegstein, A.R. Expression
Analysis Highlights AXL as a Candidate Zika Virus Entry Receptor in Neural Stem Cells. Cell Stem Cell 2016,
18, 591–596. [CrossRef] [PubMed]

2. Richard, A.S.; Shim, B.-S.; Kwon, Y.-C.; Zhang, R.; Otsuka, Y.; Schmitt, K.; Berri, F.; Diamond, M.S.; Choe, H.
AXL-dependent infection of human fetal endothelial cells distinguishes Zika virus from other pathogenic
flaviviruses. Proc. Natl. Acad. Sci. USA 2017, 114, 2024–2029. [CrossRef] [PubMed]

3. Meertens, L.; Carnec, X.; Lecoin, M.P.; Ramdasi, R.; Guivel-Benhassine, F.; Lew, E.; Lemke, G.; Schwartz, O.;
Amara, A. The TIM and TAM families of phosphatidylserine receptors mediate Dengue virus entry. Cell Host
Microbe 2012, 12, 544–557. [CrossRef] [PubMed]

4. Aligo, J.; Jia, S.; Manna, D.; Konan, K. V Formation and function of hepatitis C virus replication complexes
require residues in the carboxy-terminal domain of NS4B protein. Virology 2009, 393, 68–83. [CrossRef]
[PubMed]

5. Stone, M.; Jia, S.; Heo, W.D.; Meyer, T.; Konan, K.V. Participation of Rab5, an early endosome protein, in
Hepatitis C virus RNA replication machinery. J. Virol. 2007, 81, 4551–4563. [CrossRef] [PubMed]

6. Mackenzie, J.M.; Jones, M.K.; Westaway, E.G. Markers for trans-Golgi membranes and the intermediate
compartment localize to induced membranes with distinct replication functions in flavivirus-infected cells.
J. Virol. 1999, 73, 9555–9567.

7. Westaway, E.G.; Mackenzie, J.M.; Kenney, M.T.; Jones, M.K.; Khromykh, A.A. Ultrastructure of Kunjin
virus-infected cells: Colocalization of NS1 and NS3 with double-stranded RNA, and of NS2B with NS3, in
virus-induced membrane structures. J. Virol. 1997, 71, 6650–6661.

8. Miyanari, Y.; Atsuzawa, K.; Usuda, N.; Watashi, K.; Hishiki, T.; Zayas, M.; Bartenschlager, R.; Wakita, T.;
Hijikata, M.; Shimotohno, K. The lipid droplet is an important organelle for hepatitis C virus production.
Nat. Cell Biol. 2007, 9, 1089–1097. [CrossRef]

9. Jackson, D.A.; Caton, A.J.; McCready, S.J.; Cook, P.R. Influenza virus RNA is synthesized at fixed sites in the
nucleus. Nature 1982, 296, 366–368. [CrossRef]

10. Bukrinsky, M. A hard way to the nucleus. Mol. Med. 2004, 10, 1–5. [CrossRef]
11. Mahfoud, R.; Garmy, N.; Maresca, M.; Yahi, N.; Puigserver, A.; Fantini, J. Identification of a common

sphingolipid-binding domain in Alzheimer, prion, and HIV-1 proteins. J. Biol. Chem. 2002, 277, 11292–11296.
[CrossRef] [PubMed]

12. Tafesse, F.G.; Sanyal, S.; Ashour, J.; Guimaraes, C.P.; Hermansson, M.; Somerharju, P.; Ploegh, H.L. Intact
sphingomyelin biosynthetic pathway is essential for intracellular transport of influenza virus glycoproteins.
Proc. Natl. Acad. Sci. USA 2013, 110, 6406–6411. [CrossRef] [PubMed]

13. Aizaki, H.; Lee, K.-J.; Sung, V.M.-H.; Ishiko, H.; Lai, M.M. Characterization of the hepatitis C virus RNA
replication complex associated with lipid rafts. Virology 2004, 324, 450–461. [CrossRef] [PubMed]

14. Hirata, Y.; Ikeda, K.; Sudoh, M.; Tokunaga, Y.; Suzuki, A.; Weng, L.; Ohta, M.; Tobita, Y.; Okano, K.;
Ozeki, K.; et al. Self-enhancement of Hepatitis C virus replication by promotion of specific sphingolipid
biosynthesis. PLoS Pathog. 2012, 8, e1002860. [CrossRef] [PubMed]

15. Bejaoui, K.; Uchida, Y.; Yasuda, S.; Ho, M.; Nishijima, M.; Brown, R.H.; Holleran, W.M.; Hanada, K. Hereditary
sensory neuropathy type 1 mutations confer dominant negative effects on serine palmitoyltransferase, critical
for sphingolipid synthesis. J. Clin. Investig. 2002, 110, 1301–1308. [CrossRef]

16. Hornemann, T.; Wei, Y.; von Eckardstein, A. Is the mammalian serine palmitoyltransferase a
high-molecular-mass complex? Biochem. J. 2007, 405, 157–164. [CrossRef] [PubMed]

17. Rotthier, A.; Auer-Grumbach, M.; Janssens, K.; Baets, J.; Penno, A.; Almeida-Souza, L.; Van Hoof, K.; Jacobs, A.;
De Vriendt, E.; Schlotter-Weigel, B.; et al. Mutations in the SPTLC2 subunit of serine palmitoyltransferase
cause hereditary sensory and autonomic neuropathy type I. Am. J. Hum. Genet. 2010, 87, 513–522. [CrossRef]

http://dx.doi.org/10.1016/j.stem.2016.03.012
http://www.ncbi.nlm.nih.gov/pubmed/27038591
http://dx.doi.org/10.1073/pnas.1620558114
http://www.ncbi.nlm.nih.gov/pubmed/28167751
http://dx.doi.org/10.1016/j.chom.2012.08.009
http://www.ncbi.nlm.nih.gov/pubmed/23084921
http://dx.doi.org/10.1016/j.virol.2009.07.033
http://www.ncbi.nlm.nih.gov/pubmed/19703698
http://dx.doi.org/10.1128/JVI.01366-06
http://www.ncbi.nlm.nih.gov/pubmed/17301141
http://dx.doi.org/10.1038/ncb1631
http://dx.doi.org/10.1038/296366a0
http://dx.doi.org/10.1007/BF03401996
http://dx.doi.org/10.1074/jbc.M111679200
http://www.ncbi.nlm.nih.gov/pubmed/11792705
http://dx.doi.org/10.1073/pnas.1219909110
http://www.ncbi.nlm.nih.gov/pubmed/23576732
http://dx.doi.org/10.1016/j.virol.2004.03.034
http://www.ncbi.nlm.nih.gov/pubmed/15207630
http://dx.doi.org/10.1371/journal.ppat.1002860
http://www.ncbi.nlm.nih.gov/pubmed/22916015
http://dx.doi.org/10.1172/JCI0216450
http://dx.doi.org/10.1042/BJ20070025
http://www.ncbi.nlm.nih.gov/pubmed/17331073
http://dx.doi.org/10.1016/j.ajhg.2010.09.010


Viruses 2019, 11, 912 11 of 14

18. Yasuda, S.; Nishijima, M.; Hanada, K. Localization, topology, and function of the LCB1 subunit of serine
palmitoyltransferase in mammalian cells. J. Biol. Chem. 2003, 278, 4176–4183. [CrossRef]

19. Hanada, K.; Kumagai, K.; Tomishige, N.; Yamaji, T. CERT-mediated trafficking of ceramide. Biochim. Biophys.
Acta Mol. Cell Biol. Lipids 2009, 1791, 684–691. [CrossRef]

20. Khan, I.; Katikaneni, D.S.; Han, Q.; Sanchez-Felipe, L.; Hanada, K.; Ambrose, R.L.; Mackenzie, J.M.;
Konan, K.V. Modulation of hepatitis C virus genome replication by glycosphingolipids and four-phosphate
adaptor protein 2. J. Virol. 2014, 88, 12276–12295. [CrossRef]

21. Cox, T.M. Eliglustat tartrate, an orally active glucocerebroside synthase inhibitor for the potential treatment
of Gaucher disease and other lysosomal storage diseases. Curr. Opin. Investig. Drugs 2010, 11, 1169–1181.
[PubMed]

22. Canals, D.; Perry, D.M.; Jenkins, R.W.; Hannun, Y.A. Drug targeting of sphingolipid metabolism:
Sphingomyelinases and ceramidases. Br. J. Pharmacol. 2011, 163, 694–712. [CrossRef] [PubMed]

23. Fuller, M. Sphingolipids: The nexus between Gaucher disease and insulin resistance. Lipids Health Dis. 2010,
9, 113. [CrossRef] [PubMed]

24. Merrill, A.H., Jr.; Sullards, M.C.; Allegood, J.C.; Kelly, S.; Wang, E. Sphingolipidomics: High-throughput,
structure-specific, and quantitative analysis of sphingolipids by liquid chromatography tandem mass
spectrometry. Methods 2005, 36, 207–224. [CrossRef] [PubMed]

25. Patwardhan, G.A.; Liu, Y.-Y. Sphingolipids and expression regulation of genes in cancer. Prog. Lipid Res.
2011, 50, 104–114. [CrossRef] [PubMed]

26. Yamashita, T.; Wada, R.; Sasaki, T.; Deng, C.; Bierfreund, U.; Sandhoff, K.; Proia, R.L. A vital role for
glycosphingolipid synthesis during development and differentiation. Proc. Natl. Acad. Sci. USA 1999, 96,
9142–9147. [CrossRef] [PubMed]

27. Cao-Lormeau, V.-M.; Blake, A.; Mons, S.; Lastère, S.; Roche, C.; Vanhomwegen, J.; Dub, T.; Baudouin, L.;
Teissier, A.; Larre, P.; et al. Guillain-Barré Syndrome outbreak associated with Zika virus infection in French
Polynesia: A case-control study. Lancet 2016, 387, 1531–1539. [CrossRef]

28. Hulkova, H.; Ledvinova, J.; Kuchar, L.; Smid, F.; Honzikova, J.; Elleder, M. Glycosphingolipid profile of the
apical pole of human placental capillaries: The relevancy of the observed data to Fabry disease. Glycobiology
2012, 22, 725–732. [CrossRef] [PubMed]

29. Sullards, M.C.; Liu, Y.; Chen, Y.; Merrill, A.H. Analysis of mammalian sphingolipids by liquid chromatography
tandem mass spectrometry (LC-MS/MS) and tissue imaging mass spectrometry (TIMS). Biochim. Biophys.
Acta Mol. Cell Biol. Lipids 2011, 1811, 838–853. [CrossRef]

30. Perera, R.; Riley, C.; Isaac, G.; Hopf-Jannasch, A.S.; Moore, R.J.; Weitz, K.W.; Pasa-Tolic, L.; Metz, T.O.;
Adamec, J.; Kuhn, R.J. Dengue virus infection perturbs lipid homeostasis in infected mosquito cells.
PLoS Pathog. 2012, 8, e1002584. [CrossRef]

31. Manns, M.P.; Buti, M.; Gane, E.; Pawlotsky, J.-M.; Razavi, H.; Terrault, N.; Younossi, Z. Hepatitis C virus
infection. Nat. Rev. Dis. Primer 2017, 3, 17006. [CrossRef] [PubMed]

32. Moradpour, D.; Penin, F.; Rice, C.M. Replication of hepatitis C virus. Nat. Rev. Microbiol. 2007, 5, 453–463.
[CrossRef] [PubMed]

33. Paul, D.; Madan, V.; Bartenschlager, R. Hepatitis C virus RNA replication and assembly: Living on the fat of
the land. Cell Host Microbe 2014, 16, 569–579. [CrossRef] [PubMed]

34. Li, D.K.; Chung, R.T. Overview of Direct-Acting Antiviral Drugs and Drug Resistance of Hepatitis C Virus.
Methods Mol. Biol. 2019, 1911, 3–32. [PubMed]

35. Asselah, T.; Marcellin, P.; Schinazi, R.F. Treatment of hepatitis C virus infection with direct-acting antiviral
agents: 100% cure? Liver Int. 2018, 38, 7–13. [CrossRef] [PubMed]

36. Ribeiro, R.M.; Li, H.; Wang, S.; Stoddard, M.B.; Learn, G.H.; Korber, B.T.; Bhattacharya, T.; Guedj, J.;
Parrish, E.H.; Hahn, B.H.; et al. Quantifying the Diversification of Hepatitis C Virus (HCV) during Primary
Infection: Estimates of the In Vivo Mutation Rate. PLoS Pathog. 2012, 8, e1002881. [CrossRef]

37. Hayes, C.N.; Imamura, M.; Chayama, K. Management of HCV patients in cases of direct-acting antiviral
failure. Expert Rev. Gastroenterol. Hepatol. 2019, 13, 839–848. [CrossRef] [PubMed]

38. Lontok, E.; Harrington, P.; Howe, A.; Kieffer, T.; Lennerstrand, J.; Lenz, O.; McPhee, F.; Mo, H.; Parkin, N.;
Pilot-Matias, T.; et al. Hepatitis C virus drug resistance-associated substitutions: State of the art summary.
Hepatology 2015, 62, 1623–1632. [CrossRef]

http://dx.doi.org/10.1074/jbc.M209602200
http://dx.doi.org/10.1016/j.bbalip.2009.01.006
http://dx.doi.org/10.1128/JVI.00970-14
http://www.ncbi.nlm.nih.gov/pubmed/20872320
http://dx.doi.org/10.1111/j.1476-5381.2011.01279.x
http://www.ncbi.nlm.nih.gov/pubmed/21615386
http://dx.doi.org/10.1186/1476-511X-9-113
http://www.ncbi.nlm.nih.gov/pubmed/20937139
http://dx.doi.org/10.1016/j.ymeth.2005.01.009
http://www.ncbi.nlm.nih.gov/pubmed/15894491
http://dx.doi.org/10.1016/j.plipres.2010.10.003
http://www.ncbi.nlm.nih.gov/pubmed/20970453
http://dx.doi.org/10.1073/pnas.96.16.9142
http://www.ncbi.nlm.nih.gov/pubmed/10430909
http://dx.doi.org/10.1016/S0140-6736(16)00562-6
http://dx.doi.org/10.1093/glycob/cws050
http://www.ncbi.nlm.nih.gov/pubmed/22319058
http://dx.doi.org/10.1016/j.bbalip.2011.06.027
http://dx.doi.org/10.1371/journal.ppat.1002584
http://dx.doi.org/10.1038/nrdp.2017.6
http://www.ncbi.nlm.nih.gov/pubmed/28252637
http://dx.doi.org/10.1038/nrmicro1645
http://www.ncbi.nlm.nih.gov/pubmed/17487147
http://dx.doi.org/10.1016/j.chom.2014.10.008
http://www.ncbi.nlm.nih.gov/pubmed/25525790
http://www.ncbi.nlm.nih.gov/pubmed/30593615
http://dx.doi.org/10.1111/liv.13673
http://www.ncbi.nlm.nih.gov/pubmed/29427484
http://dx.doi.org/10.1371/journal.ppat.1002881
http://dx.doi.org/10.1080/17474124.2019.1651642
http://www.ncbi.nlm.nih.gov/pubmed/31392907
http://dx.doi.org/10.1002/hep.27934


Viruses 2019, 11, 912 12 of 14

39. Merz, A.; Long, G.; Hiet, M.-S.; Brügger, B.; Chlanda, P.; Andre, P.; Wieland, F.; Krijnse-Locker, J.;
Bartenschlager, R. Biochemical and morphological properties of Hepatitis C virus particles and determination
of their lipidome. J. Biol. Chem. 2011, 286, 3018–3032. [CrossRef]

40. Aizaki, H.; Morikawa, K.; Fukasawa, M.; Hara, H.; Inoue, Y.; Tani, H.; Saito, K.; Nishijima, M.; Hanada, K.;
Matsuura, Y.; et al. Critical role of virion-associated cholesterol and sphingolipid in Hepatitis C virus
infection. J. Virol. 2008, 82, 5715–5724. [CrossRef]

41. Egger, D.; Wölk, B.; Gosert, R.; Bianchi, L.; Blum, H.E.; Moradpour, D.; Bienz, K. Expression of hepatitis C
virus proteins induces distinct membrane alterations including a candidate viral replication complex. J. Virol.
2002, 76, 5974–5984. [CrossRef] [PubMed]

42. Konan, K.V.; Giddings, T.H.; Ikeda, M.; Li, K.; Lemon, S.M.; Kirkegaard, K. Nonstructural protein precursor
NS4A/B from hepatitis C virus alters function and ultrastructure of host secretory apparatus. J. Virol. 2003,
77, 7843–7855. [CrossRef] [PubMed]

43. Paploski, I.A.D.; Prates, A.P.P.B.; Cardoso, C.W.; Kikuti, M.; Silva, M.M.O.; Waller, L.A.; Reis, M.G.; Kitron, U.;
Ribeiro, G.S. Time lags between exanthematous illness attributed to Zika virus, Guillain-Barré syndrome,
and microcephaly, Salvador, Brazil. Emerg. Infect. Dis. 2016, 22, 1438–1444. [CrossRef] [PubMed]

44. Yoon, K.-J.; Song, G.; Qian, X.; Pan, J.; Xu, D.; Rho, H.-S.; Kim, N.-S.; Habela, C.; Zheng, L.; Jacob, F.;
et al. Zika-virus-encoded NS2A disrupts mammalian cortical neurogenesis by degrading adherens junction
proteins. Cell Stem Cell 2017, 21, 349–358. [CrossRef] [PubMed]

45. Liang, Q.; Luo, Z.; Zeng, J.; Chen, W.; Foo, S.-S.; Lee, S.-A.; Ge, J.; Wang, S.; Goldman, S.A.; Zlokovic, B.V.;
et al. Zika virus NS4A and NS4B proteins deregulate Akt-mTOR signaling in human fetal neural stem cells
to inhibit neurogenesis and induce autophagy. Cell Stem Cell 2016, 19, 663–671. [CrossRef]

46. Yuan, L.; Huang, X.-Y.; Liu, Z.-Y.; Zhang, F.; Zhu, X.-L.; Yu, J.-Y.; Ji, X.; Xu, Y.-P.; Li, G.; Li, C.; et al. A single
mutation in the prM protein of Zika virus contributes to fetal microcephaly. Science 2017, 358, 933–936.
[CrossRef]

47. Wang, K.; Wang, J.; Sun, T.; Bian, G.; Pan, W.; Feng, T.; Wang, P.; Li, Y.; Dai, J. Glycosphingolipid GM3 is
indispensable for Dengue virus genome replication. Int. J. Biol. Sci. 2016, 12, 872–883. [CrossRef]

48. Martín-Acebes, M.A.; Gabandé-Rodríguez, E.; García-Cabrero, A.M.; Sánchez, M.P.; Ledesma, M.D.;
Sobrino, F.; Saiz, J.-C. Host sphingomyelin increases West Nile virus infection in vivo. J. Lipid Res. 2016, 57,
422–432. [CrossRef]

49. Martin-Acebes, M.A.; Merino-Ramos, T.; Blazquez, A.-B.; Casas, J.; Escribano-Romero, E.; Sobrino, F.;
Saiz, J.-C. The composition of West Nile virus lipid envelope unveils a role of sphingolipid metabolism in
Flavivirus biogenesis. J. Virol. 2014, 88, 12041–12054. [CrossRef]

50. Freed, E.O.; Martin, M. A HIVs and their replication. In Fields Virology, 4th ed.; Lippincott Williams & Wilkins:
Philadelphia, PA, USA, 2001; ISBN 9780781760607.

51. Li, G.; De Clercq, E. HIV Genome-Wide Protein Associations: A Review of 30 Years of Research. Microbiol.
Mol. Biol. Rev. 2016, 80, 679–731. [CrossRef]

52. Levy, J.A. HIV pathogenesis: 25 years of progress and persistent challenges. AIDS 2009, 23, 147–160.
[CrossRef] [PubMed]

53. Desai, M.; Iyer, G.; Dikshit, R.K. Antiretroviral drugs: Critical issues and recent advances. Indian J. Pharmacol.
2012, 44, 288–298. [CrossRef] [PubMed]

54. Turpin, J.A. The next generation of HIV/AIDS drugs: Novel and developmental antiHIV drugs and targets.
Expert Rev. Anti Infect. Ther. 2003, 1, 97–128. [CrossRef] [PubMed]

55. Hug, P.; Lin, H.M.; Korte, T.; Xiao, X.; Dimitrov, D.S.; Wang, J.M.; Puri, A.; Blumenthal, R. Glycosphingolipids
promote entry of a broad range of human immunodeficiency virus type 1 isolates into cell lines expressing
CD4, CXCR4, and/or CCR5. J. Virol. 2000, 74, 6377–6385. [CrossRef] [PubMed]

56. Rawat, S.S.; Gallo, S.A.; Eaton, J.; Martin, T.D.; Ablan, S.; KewalRamani, V.N.; Wang, J.M.; Blumenthal, R.;
Puri, A. Elevated Expression of GM3 in Receptor-Bearing Targets Confers Resistance to Human
Immunodeficiency Virus Type 1 Fusion. J. Virol. 2004, 78, 7360–7368. [CrossRef] [PubMed]

57. Bhat, S.; Spitalnik, S.L.; Gonzalez-Scarano, F.; Silberberg, D.H. Galactosyl ceramide or a derivative is an
essential component of the neural receptor for human immunodeficiency virus type 1 envelope glycoprotein
gp120. Proc. Natl. Acad. Sci. USA 1991, 88, 7131–7134. [CrossRef] [PubMed]

http://dx.doi.org/10.1074/jbc.M110.175018
http://dx.doi.org/10.1128/JVI.02530-07
http://dx.doi.org/10.1128/JVI.76.12.5974-5984.2002
http://www.ncbi.nlm.nih.gov/pubmed/12021330
http://dx.doi.org/10.1128/JVI.77.14.7843-7855.2003
http://www.ncbi.nlm.nih.gov/pubmed/12829824
http://dx.doi.org/10.3201/eid2208.160496
http://www.ncbi.nlm.nih.gov/pubmed/27144515
http://dx.doi.org/10.1016/j.stem.2017.07.014
http://www.ncbi.nlm.nih.gov/pubmed/28826723
http://dx.doi.org/10.1016/j.stem.2016.07.019
http://dx.doi.org/10.1126/science.aam7120
http://dx.doi.org/10.7150/ijbs.15641
http://dx.doi.org/10.1194/jlr.M064212
http://dx.doi.org/10.1128/JVI.02061-14
http://dx.doi.org/10.1128/MMBR.00065-15
http://dx.doi.org/10.1097/QAD.0b013e3283217f9f
http://www.ncbi.nlm.nih.gov/pubmed/19098484
http://dx.doi.org/10.4103/0253-7613.96296
http://www.ncbi.nlm.nih.gov/pubmed/22701234
http://dx.doi.org/10.1586/14787210.1.1.97
http://www.ncbi.nlm.nih.gov/pubmed/15482105
http://dx.doi.org/10.1128/JVI.74.14.6377-6385.2000
http://www.ncbi.nlm.nih.gov/pubmed/10864648
http://dx.doi.org/10.1128/JVI.78.14.7360-7368.2004
http://www.ncbi.nlm.nih.gov/pubmed/15220409
http://dx.doi.org/10.1073/pnas.88.16.7131
http://www.ncbi.nlm.nih.gov/pubmed/1871126


Viruses 2019, 11, 912 13 of 14

58. Harouse, J.; Bhat, S.; Spitalnik, S.; Laughlin, M.; Stefano, K.; Silberberg, D.; Gonzalez-Scarano, F. Inhibition
of entry of HIV-1 in neural cell lines by antibodies against galactosyl ceramide. Science 1991, 253, 320–323.
[CrossRef] [PubMed]

59. Hammache, D.; Yahi, N.; Piéroni, G.; Ariasi, F.; Tamalet, C.; Fantini, J. Sequential interaction of CD4 and HIV-1
gp120 with a reconstituted membrane patch of ganglioside GM3: Implications for the role of glycolipids as
potential HIV-1 fusion cofactors. Biochem. Biophys. Res. Commun. 1998, 246, 117–122. [CrossRef] [PubMed]

60. Yahi, N.; Baghdiguian, S.; Moreau, H.; Fantini, J. Galactosyl ceramide (or a closely related molecule) is the
receptor for human immunodeficiency virus type 1 on human colon epithelial HT29 cells. J. Virol. 1992, 66,
4848–4854.

61. Fantini, J.; Hammache, D.; Delézay, O.; Yahi, N.; André-Barrès, C.; Rico-Lattes, I.; Lattes, A. Synthetic soluble
analogs of galactosylceramide (GalCer) bind to the V3 domain of HIV-1 gp120 and inhibit HIV-1-induced
fusion and entry. J. Biol. Chem. 1997, 272, 7245–7252. [CrossRef] [PubMed]

62. Brugger, B.; Glass, B.; Haberkant, P.; Leibrecht, I.; Wieland, F.T.; Krausslich, H.-G. The HIV lipidome: A raft
with an unusual composition. Proc. Natl. Acad. Sci. USA 2006, 103, 2641–2646. [CrossRef]

63. Lorizate, M.; Sachsenheimer, T.; Glass, B.; Habermann, A.; Gerl, M.J.; Kräusslich, H.-G.; Brügger, B.
Comparative lipidomics analysis of HIV-1 particles and their producer cell membrane in different cell lines.
Cell. Microbiol. 2013, 15, 292–304. [CrossRef]

64. Izquierdo-Useros, N.; Lorizate, M.; Contreras, F.-X.; Rodriguez-Plata, M.T.; Glass, B.; Erkizia, I.; Prado, J.G.;
Casas, J.; Fabriàs, G.; Kräusslich, H.-G.; et al. Sialyllactose in viral membrane gangliosides is a novel
molecular recognition pattern for mature dendritic cell capture of HIV-1. PLoS Biol. 2012, 10, e1001315.
[CrossRef] [PubMed]

65. Puryear, W.B.; Yu, X.; Ramirez, N.P.; Reinhard, B.M.; Gummuluru, S. HIV-1 incorporation of host-cell-derived
glycosphingolipid GM3 allows for capture by mature dendritic cells. Proc. Natl. Acad. Sci. USA 2012, 109,
7475–7480. [CrossRef] [PubMed]

66. Hammonds, J.E.; Beeman, N.; Ding, L.; Takushi, S.; Francis, A.C.; Wang, J.-J.; Melikyan, G.B.; Spearman, P.
Siglec-1 initiates formation of the virus-containing compartment and enhances macrophage-to-T cell
transmission of HIV-1. PLoS Pathog. 2017, 13, e1006181. [CrossRef] [PubMed]

67. McClellan, K.; Perry, C.M. Oseltamivir. Drugs 2001, 61, 263–283. [CrossRef] [PubMed]
68. Burch, J.; Corbett, M.; Stock, C.; Nicholson, K.; Elliot, A.J.; Duffy, S.; Westwood, M.; Palmer, S.; Stewart, L.

Prescription of anti-influenza drugs for healthy adults: A systematic review and meta-analysis. Lancet Infect.
Dis. 2009, 9, 537–545. [CrossRef]

69. Shao, W.; Li, X.; Goraya, M.U.; Wang, S.; Chen, J.-L. Evolution of Influenza A Virus by Mutation and
Re-Assortment. Int. J. Mol. Sci. 2017, 18, 1650. [CrossRef]

70. Ahlquist, P. RNA-Dependent RNA Polymerases, Viruses, and RNA Silencing. Science 2002, 296, 1270–1273.
[CrossRef]

71. Bouvier, N.M.; Palese, P. The biology of influenza viruses. Vaccine 2008, 26 (Suppl. 4), D49–D53. [CrossRef]
72. Gerl, M.J.; Sampaio, J.L.; Urban, S.; Kalvodova, L.; Verbavatz, J.-M.; Binnington, B.; Lindemann, D.;

Lingwood, C.A.; Shevchenko, A.; Schroeder, C.; et al. Quantitative analysis of the lipidomes of the influenza
virus envelope and MDCK cell apical membrane. J. Cell Biol. 2012, 196, 213–221. [CrossRef] [PubMed]

73. Tanner, L.B.; Chng, C.; Guan, X.L.; Lei, Z.; Rozen, S.G.; Wenk, M.R. Lipidomics identifies a requirement
for peroxisomal function during influenza virus replication. J. Lipid Res. 2014, 55, 1357–1365. [CrossRef]
[PubMed]

74. Skibbens, J.E.; Roth, M.G.; Matlin, K.S. Differential extractability of influenza virus hemagglutinin during
intracellular transport in polarized epithelial cells and nonpolar fibroblasts. J. Cell Biol. 1989, 108, 821–832.
[CrossRef] [PubMed]

75. Takeda, M.; Leser, G.P.; Russell, C.J.; Lamb, R.A. Influenza virus hemagglutinin concentrates in lipid raft
microdomains for efficient viral fusion. Proc. Natl. Acad. Sci. USA 2003, 100, 14610–14617. [CrossRef]
[PubMed]

76. Scheiffele, P.; Roth, M.G.; Simons, K. Interaction of influenza virus haemagglutinin with sphingolipid-
cholesterol membrane domains via its transmembrane domain. EMBO J. 1997, 16, 5501–5508. [CrossRef]
[PubMed]

77. Sun, X.; Whittaker, G.R. Role for influenza virus envelope cholesterol in virus entry and infection. J. Virol.
2003, 77, 12543–12551. [CrossRef]

http://dx.doi.org/10.1126/science.1857969
http://www.ncbi.nlm.nih.gov/pubmed/1857969
http://dx.doi.org/10.1006/bbrc.1998.8531
http://www.ncbi.nlm.nih.gov/pubmed/9600078
http://dx.doi.org/10.1074/jbc.272.11.7245
http://www.ncbi.nlm.nih.gov/pubmed/9054420
http://dx.doi.org/10.1073/pnas.0511136103
http://dx.doi.org/10.1111/cmi.12101
http://dx.doi.org/10.1371/journal.pbio.1001315
http://www.ncbi.nlm.nih.gov/pubmed/22545022
http://dx.doi.org/10.1073/pnas.1201104109
http://www.ncbi.nlm.nih.gov/pubmed/22529395
http://dx.doi.org/10.1371/journal.ppat.1006181
http://www.ncbi.nlm.nih.gov/pubmed/28129379
http://dx.doi.org/10.2165/00003495-200161020-00011
http://www.ncbi.nlm.nih.gov/pubmed/11270942
http://dx.doi.org/10.1016/S1473-3099(09)70199-9
http://dx.doi.org/10.3390/ijms18081650
http://dx.doi.org/10.1126/science.1069132
http://dx.doi.org/10.1016/j.vaccine.2008.07.039
http://dx.doi.org/10.1083/jcb.201108175
http://www.ncbi.nlm.nih.gov/pubmed/22249292
http://dx.doi.org/10.1194/jlr.M049148
http://www.ncbi.nlm.nih.gov/pubmed/24868094
http://dx.doi.org/10.1083/jcb.108.3.821
http://www.ncbi.nlm.nih.gov/pubmed/2522097
http://dx.doi.org/10.1073/pnas.2235620100
http://www.ncbi.nlm.nih.gov/pubmed/14561897
http://dx.doi.org/10.1093/emboj/16.18.5501
http://www.ncbi.nlm.nih.gov/pubmed/9312009
http://dx.doi.org/10.1128/JVI.77.23.12543-12551.2003


Viruses 2019, 11, 912 14 of 14

78. Seo, Y.-J.; Pritzl, C.J.; Vijayan, M.; Bomb, K.; McClain, M.E.; Alexander, S.; Hahm, B. Sphingosine kinase 1
serves as a pro-viral factor by regulating viral RNA synthesis and nuclear export of viral ribonucleoprotein
complex upon Influenza virus infection. PLoS ONE 2013, 8, e75005. [CrossRef]

79. Shimizu, T.; Takizawa, N.; Watanabe, K.; Nagata, K.; Kobayashi, N. Crucial role of the influenza virus NS2
(NEP) C-terminal domain in M1 binding and nuclear export of vRNP. FEBS Lett. 2011, 585, 41–46. [CrossRef]

80. Leser, G.P.; Lamb, R.A. Influenza virus assembly and budding in raft-derived microdomains: A quantitative
analysis of the surface distribution of HA, NA and M2 proteins. Virology 2005, 342, 215–227. [CrossRef]

81. Barman, S.; Krylov, P.S.; Turner, J.C.; Franks, J.; Webster, R.G.; Husain, M.; Webby, R.J. Manipulation of
neuraminidase packaging signals and hemagglutinin residues improves the growth of A/Anhui/1/2013
(H7N9) influenza vaccine virus yield in eggs. Vaccine 2017, 35, 1424–1430. [CrossRef]

82. Nayak, D.P.; Balogun, R.A.; Yamada, H.; Zhou, Z.H.; Barman, S. Influenza virus morphogenesis and budding.
Virus Res. 2009, 143, 147–161. [CrossRef] [PubMed]

83. Barman, S.; Nayak, D.P. Lipid raft disruption by cholesterol depletion enhances Influenza A virus budding
from MDCK cells. J. Virol. 2007, 81, 12169–12178. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1371/journal.pone.0075005
http://dx.doi.org/10.1016/j.febslet.2010.11.017
http://dx.doi.org/10.1016/j.virol.2005.09.049
http://dx.doi.org/10.1016/j.vaccine.2017.01.061
http://dx.doi.org/10.1016/j.virusres.2009.05.010
http://www.ncbi.nlm.nih.gov/pubmed/19481124
http://dx.doi.org/10.1128/JVI.00835-07
http://www.ncbi.nlm.nih.gov/pubmed/17855515
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Hepatitis C Virus Propagation and Sphingolipids 
	Sphingolipids and HCV Entry 
	Sphingolipids, Glycosphingolipids, and HCV Genome Replication 

	Flavivirus Propagation and Sphingolipids 
	DENV Propagation and Sphingolipids 
	WNV Propagation and Sphingolipids 
	Sphingolipids and WNV Entry and Genome Replication 
	Sphingolipids and WNV Particle Formation 

	ZIKV Replication and Sphingolipids 

	Human Immunodeficiency Virus’s Propagation and Sphingolipids 
	Glycosphingolipids and HIV Entry 
	Glycosphingolipids and HIV Budding 

	Influenza Virus Propagation and Sphingolipids 
	Sphingolipids and IAV Entry 
	Sphingolipids and IAV Replication 
	Sphingolipids and IAV Egress 

	Conclusions 
	References

