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Abstract: As viruses are obligatory intracellular parasites, any step during their life cycle strictly depends
on successful interaction with their particular host cells. In particular, their interaction with cellular
membranes is of crucial importance for most steps in the viral replication cycle. Such interactions are
initiated by uptake of viral particles and subsequent trafficking to intracellular compartments to access
their replication compartments which provide a spatially confined environment concentrating viral
and cellular components, and subsequently, employ cellular membranes for assembly and exit of viral
progeny. The ability of viruses to actively modulate lipid composition such as sphingolipids (SLs) is
essential for successful completion of the viral life cycle. In addition to their structural and biophysical
properties of cellular membranes, some sphingolipid (SL) species are bioactive and as such, take part in
cellular signaling processes involved in regulating viral replication. It is especially due to the progress
made in tools to study accumulation and dynamics of SLs, which visualize their compartmentalization
and identify interaction partners at a cellular level, as well as the availability of genetic knockout systems,
that the role of particular SL species in the viral replication process can be analyzed and, most importantly,
be explored as targets for therapeutic intervention.

Keywords: glycosphingolipids; ceramides; sphingosine 1-phosphate; sphingomyelinase; HIV;
SARS-CoV-2; measles

1. Introduction

Sphingolipids (SLs) are highly abundant components of cellular membranes and as
such, are essentially involved in their biophysical and signaling properties. A complex
metabolic network consisting of enzymes catalyzing their synthesis, modification (phos-
phorylation, glycosylation) and breakdown regulates accumulation of sphingolipid species
and thereby the sphingolipid pool at rtheostat conditions, and this can undergo substan-
tial changes in response to metabolic and external challenges. This has been excellently
reviewed [1-3] and will therefore just be briefly re-iterated below. Depending on the length
of their fatty acid chains and their degree of saturation, SL species have a strong impact
on biophysical membrane parameters such as fluidity or rigidity and curvature, and on
interaction with membrane proteins and/or cytoskeletal components, and membrane
compartmentalization. This coins their ability to promote the formation and activity of
signaling platforms in a dynamic and spatiotemporally regulated manner [4-7]. In addi-
tion to structurally supporting the interaction of receptors with their membrane proximal
signalosome components, certain SL species (especially ceramides, ceramide-1-phosphate,
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sphingosine and sphingosine 1-phosphate) act as highly potent signaling molecules them-
selves, regulating, for instance, cellular apoptosis and autophagy, or activation and survival,
respectively [1,2,8-12]. Therefore, dynamic alterations of the SL pool and its subcellular
compartmentalization not surprisingly have a substantial impact on most cellular processes
determining viability and responsiveness. Supporting their decisive role also in clinical
terms, alterations in SL biosynthesis or accumulation are of crucial importance in the
pathophysiology in severe diseases including lysosomal storage diseases and cancer, and
pharmacological interference with SL metabolism has already been proven as an effective
target for treatment of major depression, cancer and inflammation [10,13-16].

Lack of suitable reagents for detection and fixation or protocols for quantification of
SL species have long hampered detailed studies in SL biology at a cellular level, while on
an organismic level, ubiquitous genetic ablation of SL modifying enzymes in mice, in some
cases reliably reproducing disease processes in humans, precluded detailed analysis on the
pathophysiological role of individual compartments. With the advent of bio-orthogonally
functionalized SLs, important progress has been made in their detection and recording
their trafficking at high resolution, identifying associated protein complexes, and, in
combination with compartment-specific targeting of SL. modifying enzymes, determining
topology and biological consequences of their metabolism [17-22]. Mass spectrometry is
the favored analytical technology for SL analysis. Thus, this technique has the capability
to both acquire sensitive and quantitative measurements and to unravel the molecular
intricacies of SL species. At present, mass spectrometric analysis of lipid extracts, mainly
by infusion electrospray ionization, is utilized to determine sensitive and quantitative
information of specific SLs in biological processes. As a complementary method, mass
spectrometry imaging, albeit less quantitative and less specific, provides information of
spatial SL distribution in tissues.

These techniques are being exploited in the context of general SL biosynthesis and
turnover, which, due to its central role in cell physiology, directly translates into regu-
lation of cellular processes, and therefore has been targeted for therapeutic intervention
as referred to above. The last two decades have seen an increasing amount of studies
addressing the role of the SL pathway in infections where their turnover has been found to
regulate the disease process both at the level of the pathogens’ life cycle and efficiency of
immune control. Rather than discussing that process in bacterial infections (which has been
excellently reviewed [23-26]), this review focuses on the role of sphingolipid metabolites
in viral infections. Especially the importance of the SLs in governing essential steps in
virus-host cell interaction is described.

2. Sphingolipid Metabolism

Sphingolipid de novo synthesis is initiated in endoplasmic reticulum (ER) by ser-
ine palmitoyl-transferase (SPT) catalyzed condensation of the activated Cy¢ fatty acid
palmitoyl-CoA and the amino acid L-serine to yield 3-ketosphinganine. This is then rapidly
reduced to sphinganine by 3-ketosphinganine reductase (3KSR) in a NADPH-dependent
manner. Then, sphinganine is further N-acylated by the action of six ceramide synthase
isoforms (CerS1-6) encoded by six distinct genes to form ceramides [1]. The most notable
characteristic of the individual CerS isoforms is a different acyl-CoA preference that can
overlap within their isoforms. Variations of acyl-chain length in a cell type specific manner
result in ceramide species with different biophysical properties and distinct biological
functions. It has recently been possible to fully reconstitute and to monitor this de novo ce-
ramide synthesis pathway in vitro by using both stably isotope labeled or bio-orthogonally
modified precursors (Figure 1) [27,28].
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Figure 1. (a) Schematic overview of the SL de novo synthesis located in the ER. A cell-free assay utilizing
rat liver microsomes containing all the enzymes necessary for bottom-up synthesis of ceramides can be
used to study the entire de novo pathway via mass spectrometry [28]. The pyridoxal 5’-phosphate (PLP)-
dependent enzyme serine palmitoyltransferase (SPT) catalyzes the condensation of palmitoyl-CoA
and L-serine. The product of this reaction, 3-ketosphinganine (3KS), is further NADPH-dependently
reduced to sphinganine (SphA) by 3-ketosphinganine reductase (3KSR). Ceramide synthases (CerS)
couple fatty acyl-CoAs to the amino group of SphA. This leads to the formation of dihydroceramides
(dhCer), differing in the chain length of the amide-bound fatty acid. The final step is the introduction
of a double bond between carbons C-4 and C-5 mediated by dihydroceramide desaturase (DEGS)
under NAD[P]H consumption. The formed ceramides (Cer) are subsequently shuttled to the Golgi
apparatus via ceramide transporter (Cert) for further sphingomyelin synthesis. Parts of the image were
taken from https://smart.servier.com, accessed on 1 May 2021 (freely accessible). (b) Visualization of
sphingolipid metabolism in the ER via bio-orthogonal click chemistry using azidosphinganine and
confocal laser scanning microscopy [27]. COS7 cells were transfected with (A) the ER-specific protein
Sec61-mApple and incubated with (B) azidosphinganine and labelled with BODIPY-PEG4-DBCO.
(C) Merged image showing good co-localization of both molecules in tubules of the ER. In contrast
to Sec61, azidosphinganine also labelled homogenous structures between ER tubules which might
represent ER sheets. Scale bar: 5 um [27].

Following transfer to the Golgi compartment, ceramides are further modified by
glycosylation to yield glucosylceramides or acquisition of a phosphocholine headgroup
via sphingomyelin synthase to yield sphingomyelin, both of which are transported to
the plasma membrane using vesicular exocytosis where they, according to the topology
of the modifying enzymes to the Golgi luminal compartment, predominantly localize
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to the outer membrane leaflet. As for other membrane lipids, trans-bilayer asymmetric
distribution of SLs in the plasma membrane is regulated by the activity of scramblases at
the steady state, or actively, by ATP-dependent flippases or floppases, and this is crucial for
membrane integrity, charge and compartmentalization (reviewed in [29]). SL catabolism is
initiated by ceramide production through the activity of sphingomyelinases or in the case of
glycosphingolipids (GSLs) via specific hydrolases. Sphingomyelinases, depending on their
pH optima, are grouped into neutral, acid and alkaline isoforms. Best studied amongst
those include the neutral sphingomyelinase 2 (NSM2) which resides in association with
the cytosolic membrane leaflet of the plasma membrane, multi-vesicular body, or the Golgi
compartment, and is activated in response to a variety of signals including stress, cytokines
or T cell receptor ligation [30-33]. Equally well investigated, acid sphingomyelinase 1
(ASM) anchors to anti-cytosolic membrane leaflets in the late endosomal compartment
from where it is either secreted (soluble, sASM) or displayed after fusion with the plasma
membrane in response to receptor signaling or during exocytic membrane repair [13,34].
Ceramide levels are tightly controlled as is reflected by its rapid conversion into ceramide
1-phosphate or de-acylation by ceramidases into sphingosine which, accumulating to
even lower levels, serves as target for phosphorylation by sphingosine kinases to yield
sphingosine 1-phosphate (S1P), a potent signaling molecule. Reflecting the dynamic
demands to the system, anabolic and catabolic steps in SL metabolism are reversible except
for the final breakdown of S1P into phospho-ethanolamine and hexadecenal by S1P lyase
which thereby terminates the SL life cycle (reviewed in [2,35]). Notably, its phosphorylation
renders S1P sufficiently polar and thereby soluble in the cytosol, from where it is also
exported to initiate autocrine and paracrine S1P receptor signaling (Figure 2) [36,37].
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Figure 2. Schematic overview of the SL metabolism as potential target for viral interaction. After
de novo synthesis in the ER, ceramide is transported to the Golgi apparatus via Cert. Ceramide is
provided for the synthesis of complex sphingolipids such as sphingomyelin (SM) by sphingomyelin
synthase (SMS) and glycosphingolipids (GSL) by glycosyl transferase (GST). Complex sphingolipids



Cells 2021, 10, 2175

50f21

are transported from the Golgi apparatus to the plasma membrane or lysosomes. There the break-
down of SM to Cer takes place by sphingomyelinase (SMase), degradation of GSL occurs by the
stepwise action of specific hydrolases. Subsequently, Cer can be degraded by ceramidase (CDase) to
sphingosine (Sph). S1P can be formed by phosphorylation via sphingosine kinase (SphK1/2). Degra-
dation of S1P occurs through S1P phosphatase (SPP) or S1P lyase (SPL) forming Sph or hexadecenal
(2EHD) and phospho-ethanolamine (P-EA). Interaction with host cell membranous compartments is
of key importance for replication of viruses and this therefore is highly dependent on SL metabolism.

3. Sphingolipid Targets in Viral Life Cycles

As their amplification is strictly intracellular, the interaction of viruses with cellular
membranes is a key component of their life cycle, and this also includes availability and
composition of most prominent membrane lipids such as SLs. The role of steady state SL
metabolism and that regulated by pathogens in their respective host cells has been studied
in the more recent past (for a recent review see [38]). This has been greatly advanced by
progress made in terms of high resolution quantitative analysis and microscopy (see above)
and implementation of functionalized SLs, allowing the study of topological accumulation
in cellular compartments in the context of viral infection (recently reviewed in [39]). As de-
tailed below, whole cell lipidomic analyses have clearly documented that viruses effectively
modulate the SL pool in their host cells. It is, however, only upon implementation of this
advanced overall methodical portfolio that the role of SLs (and eventually its individual
metabolites) for defined steps within the viral replication process is understood at a cellular
level. Furthermore, the availability of novel genetically modified cell, tissue and animal
models continues to be instrumental for the understanding of the role of SL metabolism
in viral pathogenesis which includes both viral replication per se, but also host responses,
especially composition and function of the immune compartment. This knowledge will
obviously be indispensable to identify and optimize SL targets for therapeutic purposes.
This review will focus on examples where a role of SLs and their metabolization have been
attributed to specific steps in the viral life cycle.

3.1. Attachement and Entry

Firm attachment to and passage of the host cell plasma membrane effectively initiate
and thereby enable viral replication and therefore, the role of SLs in these processes has
most intensely been studied. In particular, the role of membrane microdomains enriched
for particular SL species and the impact of their accumulation or metabolization there
has been studied with regard to receptor segregation, membrane biophysical alterations
(favoring fusion or endocytosis) as well as initiation of signaling cascades involved in
uptake and trafficking.

3.1.1. Glycosphingolipids in Viral Entry

Membrane domains enriched in GSLs (often also referred to as lipid rafts), are known
as functional entities involved in cellular signal initiation, and may directly support viral
host cell entry (Figure 3). Amongst the GSLs involved, Gb3 (globo-triasyl-ceramide) and
galactosyl-ceramide (Gal-Cer), were found to interact with the V3 loop within HIV gp120
or the HIV gp41 envelope protein subunit, respectively, to facilitate their interaction with
chemokine receptors and to support HIV uptake into CD4-negative cells such as mucosal
epithelial cells. These then transcytose and transmit HIV to CD4+ T cells or DCs [40—47].
The importance of GSLs in HIV entry is further supported by its sensitivity to compounds
affecting GSL biosynthesis such as D-threo-1-phenyl-2-decanoylamino-3-morpholino-1-
propanol (PDMP), which inhibits glucosyltransferase activity [48], and to variations in
cellular GSL content [49]. Interestingly, Gb3, when accumulating to high levels (for instance
in PBMCs of Fabry disease patients or certain cell lines) can also act as a resistance factor for
HIV infection [50-53]. Possibly, differential effects of Gb3 on HIV entry rely on its turnover,
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compartmentalization to membrane microdomains, and accessibility, all of which might be
dependent on the respective host cell (Figure 3).
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Figure 3. Schematic view of Gb3 interaction with HIV. (a) HIV infection requires gp120 binding
to CD4. The associated conformational change of gp120 and simultaneous binding to chemokine
co-receptors such as CXCR4 or CCRS5 initiates cell fusion via gp41. (b) Gb3 overexpression in CD4-
negative cells is associated with resistance to HIV infection as Gb3 is able to bind directly to gp120
and, consequently, block the chemokine binding motif. (c) Since T cells usually contain low levels
of Gb3, HIV resistance is observed especially under conditions where Gb3 is overexpressed (1). In
addition, soluble Gb3 analogues can bind to HIV gp120 and prevent binding to the CD4 receptor and
the chemokine co-receptors, respectively (2).

GSLs also effectively support entry of viruses other than HIV. Glucosylceramide (GC)
levels proved to be particularly important in regulating uptake of viruses which rely on
trafficking to and using the late endosomal compartment for fusion (Figure 4). These
include influenza A virus (IAV), Ebola, SARS-CoV-2 and vesicular stomatitis virus entry of
which was sensitive to depletion of both anabolic and catabolic GC enzymes [54-56].
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Figure 4. Influence of GSL on virus fusion and entry. Membrane domains enriched in glycosphingolipids (GSLs) are known
to potentially directly support viral entry into host cells. (a) Glucosylceramide (GC) levels are particularly important for
endosomal uptake of influenza A virus (IAV), Ebola, and vesicular stomatitis virus, whose uptake is sensitive to depletion
of both anabolic and catabolic GC enzymes. (b) In addition, rearrangement of the viral parvovirus B19 capsid occurs
through interaction with membrane-bound Gb4Cer (globo-tetraosyl-ceramide), which is required for subsequent steps of
internalization in cells. (c¢) Gangliosides such as GD1a and GT1b or GM1 serve as important components in cell entry of
murine polyomavirus and SV40. Notably, the interaction of SV40 VP1 with its cell surface ganglioside receptor GM1 is
essential as a molecular trigger for SV40-induced vacuolization. Moreover, binding of gangliosides to 4-integrin promotes
endocytosis and microtubular transport of polyoma virus capsids by initiating PI3K, FAK/Src, and MAPK pathways.

Interaction with Gb4Cer (globo-tetraosyl-ceramide) triggers parvovirus B19 viral
capsid rearrangements required for subsequent steps in internalization into cells also ex-
pressing the erythropoietin receptor [57]. Gangliosides (glycosphingolipids with one or
more sialic acid residues linked to the sugar moiety) such as GD1la and GT1b or GM1 serve
as important components in cell entry of murine polyoma virus and SV40, respectively (re-
viewed in [58]). Most notably, the interaction of SV40 VP1 with its cell surface ganglioside
receptor GM1 has recently been identified as a molecular trigger for vacuolization caused
by SV40 (which has led to its discovery). SV40, though not of great medical importance,
was an invaluable tool to study principles of DNA replication and tumor biology in the
past [59]. In line with the hypothesis that GSLs (as other sphingolipids, see below) support
viral uptake by organizing membrane domains segregating membrane and membrane
proximal proteins important in this process, they also perform the simultaneous engage-
ment of gangliosides and x4-integrin promoted endocytosis and microtubular trafficking
of polyoma viral capsids by initiating PI3K, FAK/Src and MAPK pathways [60]. Obviously,
GSLs can be of crucial importance in uptake of certain viruses and therefore, interference
with GSL biosynthesis might represent an interesting therapeutic option which has recently
been excellently reviewed [61].

3.1.2. Ceramide-Enriched Membrane Microdomains in Viral Uptake and Trafficking

Based on their biophysical properties, ceramide- enriched membrane domains which
condense into larger platforms in response to sphingomyelinase activation or ceramidase
inhibition, respectively, are sites of endocytic uptake of pathogens [6,62—66]. In addition to
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biophysical alterations promoting membrane vesiculation and fusogenicity [67], concen-
tration of pathogen receptors and membrane proximal signaling complexes is believed to
aid in pathogen uptake as indicated for GSLs above. Therefore, conditions favoring the
generation of these domains (mainly by activation of sphingomyelinases or inhibition of ce-
ramidase especially by inflammatory signals or viruses themselves on receptor interaction)
would create a favorable environment enhancing viral infection.

This has in fact been verified for several viruses. For instance, the ability of CD3001f
to support murine Norovirus entry was found to depend on SL biosynthesis, and more
specifically, on ceramide generation. Thus, exogenous addition of ceramide restored sus-
ceptibility of serine palmitoyl-transferase deficient cells, and this relied on both formation
of ceramide-enriched membrane domains and ceramide induced conformational changes
of surface resident CD300lf proteins [68]. Sphingomyelinase activation also supported pH
and clathrin-dependent entry and replication of Japanese encephalitis virus (JEV) in tissue
culture, though the role of this enzyme in either process and its relevance in vivo has not
been further analyzed [69]. Strikingly, SMS-1 generated SM rather proved to be important
in Japanese encephalitis virus attachment and subsequent infection, and attenuation of JEV
infection in SMS-1 deficient mice supported a pro-viral activity of SM in vivo [70].

Formation of ceramide-enriched platforms supporting entry into target cells by viruses
has first been described for major and minor subgroup picornavirus rhinovirus (RV). RV
attachment to epithelial cells initiated microtubule- and microfilament-dependent ASM
cell surface translocation with subsequent formation of membrane domains enriched in
ceramides or GSLs. Both SLs were found to interact with viruses and to be important
in their uptake [71,72]. Intracellular RV trafficking involved particularly GSLs which
were co-detected with endocytosed virus in membrane proximal and perinuclear vesicles.
Interestingly, RV raft interaction also promoted biphasic activation p38 MAPK in a RhoA-
dependent manner, with late activation relying on viral replication [73]. In addition to SM,
ASM activity was also implicated in early steps of Ebola virus infection. While SM was
required for attachment, viral particles strongly associated with surface displayed ASM,
indicating that viral interaction may occur in SM-enriched membrane domains followed by
ASM activation [74]. As for RV, receptors involved in ASM activation were not identified,
and it also remained unclear whether ASM activation would be important in Ebola virus
endocytosis and thereby, rendering the endo/lysosomal cholesterol transporter Niemann-
Pick C protein 1 (NPC1) accessible to the viral particle. NPC1 was identified as crucial for
Ebola virus uptake by enabling fusion between viral and endosomal membranes [75,76].
NPC1 acts as a bone fide receptor for the proteolytically activated viral envelope protein in
an intracellular compartment rather than at the plasma membrane, and its activity ensures
viral access to the cytoplasm [77].

Promotion of viral entry by ASM activation through host cell surface interaction was
mechanistically investigated for the measles virus (MV, an enveloped virus) in dendritic cells
(DCs) [78] and for adenovirus (a non-enveloped virus) in epithelial cells [79]. Interaction of
MYV glycoproteins with DC-SIGN on the DC surface catalyzed activation of the ASM (and to
some extent the NSM2) and subsequent ceramide release. Interestingly, this was also promoted
by DC-SIGN ligation by specific antibodies or mannan revealing that this reflected DC-SIGN
signaling per se and was not MV-specific. Along with ASM, CD150 (the receptor required
for MV entry) translocated to the cell surface from an intracellular storage compartment
and thereby, was made available to promote MV infection of DCs. Whether or not CD150
surface translocation on DCs may be important for pathogens other than MV has not been
investigated. On murine macrophages CD150 can, however, also serve as a microbial sensor
routing Gram-negative bacteria into phagocytic compartments [80] (Figure 5).
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Figure 5. Ceramide-enriched membrane domains in MV infection. Interaction of MV glycoproteins
with DC-SIGN on the DC surface activates translocation of ASM along with CD150 from intracellular
endosomes to the cell surface. This makes the CD150, the MV entry receptor on hematopoetic cells,
available to promote viral infection of DCs. Thus, activation of ASM subsequently promotes ceramide
release in the membrane, making ASM activation a promising target in measles infection.

Interaction with its surface receptors CAR and «3 integrin causes limited uncoating
of the non-enveloped adenovirus particle at the cell surface which leads to exposure of
the adenoviral membrane lytic protein-IV. Similar as described for bacterial toxins [81-83],
this protein causes membrane lesions followed by Ca?*-influx promoting a wound repair
process by subsequent lysosomal exocytosis along with ASM surface display and formation
of ceramide-enriched membrane domains [79]. These act to enhance viral endocytosis and
to recruit and concentrate lytic protein-VI in endosomes, thereby catalyzing endosomal
leakiness and finally rupturing as required for release of the viral capsid into the cytosol.
In this study, ceramide release and concentration within endosomes has clearly been
revealed as crucial for protein-IV recruitment and subsequent viral release from these
compartments. Most interestingly, a recent study identified sphingosine accumulation as
a result of ceramide breakdown by acid ceramidase as a cell intrinsic antiviral defense
mechanism in macrophages. In these cells, herpes simplex virus (HS5V-1) was found trapped
in endosomal compartments enriched for sphingosine, and ablation of acid ceramidase
promoted HSV-1 capsid export into the cytosol [84]. Acid ceramidase expression was
induced downstream of IRF-8 signaling and in this model, sphingosine production proved
to be the crucial effector for protection from infection in vitro and in vivo.

The recent SARS-CoV-2 pandemic has initiated an intensive search for pre-emptive
and therapeutic approaches, also including studies on drug re-purposing. As for many
other viruses before, the integrity of lipid rafts has proven to be of crucial importance in
SARS-CoV-2 entry both at the level of fusion at the plasma membrane and endocytosis-
mediated uptake. Consequently, lipid raft targeting drugs were effective at preventing
SARS-CoV-2 entry into a variety of host cells in vitro (reviewed in [85]). In particular, ASM
activity as induced after SARS-CoV-2 binding to its receptor [86,87] has been identified as a
promising target for intervention.

Fluoxetine, but not two other serotonin uptake inhibitors tested, escitalopram and
paroxetine, inhibited SARS-CoV-2 replication in Vero cells by more than two log, indicating
that the inhibitory activity of these compounds did not segregate with serotonin uptake
inhibition [88]. The activity of fluoxetine as functional inhibitor of ASM activity (FIASMA)
might be required to target early steps of SARS-CoV-2 host cell interaction as supported by
two further studies. Both genetic and pharmacological ASM inhibition (the latter exerted by
a variety of compounds also including fluoxetine and escitalopram) reduced SARS-CoV-2
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infection in several cell lines and primary nasal epithelial cells by preventing formation of
ceramide-enriched membrane platforms required for viral uptake [89]. It appeared that
ASM activity and ceramide release were promoted by host cell interaction by the viral
S protein with its receptor, ACE-2 [86,87,89]. In addition, focusing on fluoxetine, a third
group confirmed inhibition of SARS-CoV-2 by this compound, providing solid evidence
that accumulation of cholesterol and pH buffering downstream of ASM inhibition in late
endosomal compartments prevented fusion of viral and late endosomal membranes as
required for viral uncoating [90]. In line with the importance of cholesterol homeostasis and
acidification in late endosomes (both targeted by fluoxetine) being crucial for SARS-CoV-2
replication, both a cholesterol efflux inhibitor and pH buffering (most likely preventing the
activity of proteases required for the release of the coronaviral fusogenic peptide within
the S protein) were effective at inhibiting virus production from Vero and Calu-3 cells.
Interaction of the viral spike protein with its receptor-binding domain of ACE2 was found
to be prevented upon exogenous supply of sphingosine, which directly associated with this
receptor [91]. Thus, sphingosine, known for its bacteriocidal activities in the respiratory
tract (recently reviewed in [92,93]), might also exert antiviral activities at the level of entry
in this particular compartment (Figure 6).

3.1.3. Antiviral Activity of Ceramide at the Level of Uptake

Ceramide release may, however, also act antivirally at the level of uptake. Entry of
HIV into T cells, monocytes or macrophages was highly sensitive to compounds elevating
levels of ceramides such as exogenous addition of long chain ceramide (Cy6) which pre-
vented lateral diffusion of CD4 towards the chemokine co-receptors [94-96]. For optimal
HIV entry, gp41-mediated membrane fusion was found to be rather dependent on sphin-
gomyelin synthase-2 (SMS2) activity indicating that SM rather than ceramide accumulation
was important in this process [97]. Similarly, overall elevation of ceramides by bacterial
sphingomyelinase interfered with uptake of hepatitis C virus (HCV) at the level of receptor
segregation. CD81, a major entry factor, was partially internalized, and this and other
components required for HCV entry, scavenger receptor Bl and claudin-1, were excluded
from detergent resistant microdomains [98].

Actin dynamics is important for uptake of most if not all viruses. This includes,
for example, drifting and surfing of receptors engaged by viruses along filopodia or on
the cell body surface [99-101], receptor clustering, and formation of and transmission by
defined structures such as virologic synapses or filopodial bridges [102,103]. Moreover,
actin-mediated membrane ruffling and blebbing is essential for macro-pinocytic uptake
of, for instance, vaccinia, picorna and adenoviruses [104,105]. Thus, interference with
actin dynamics would be expected to have a significant impact on uptake efficiency. In
this context it is noteworthy that breakdown of actin cytoskeletal protrusions after ASM
activation and subsequent ceramide accumulation were observed in MCF-7 breast cancer
cells [106], and NSM- and ASM-dependently, upon measles virus (MV) interaction with T
cells [107,108].
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Figure 6. Ceramide-enriched membrane domains in SARS-CoV-2 infection. (a) To enter host cells,
SARS-CoV-2 first binds to a cell surface receptor and then enters endosomes. The spike protein,
located on the viral surface, mediates coronavirus entry via the receptor-binding domain (RBD),
which specifically recognizes angiotensin-converting enzyme 2 (ACE2) as its receptor. In addition,
the SARS-CoV spike protein must be proteolytically activated for membrane fusion by proteases
such as TMPRSS2 or the lysosomal proteases cathepsins, so it undergoes a dramatic structural
change. Ceramide-enriched membrane domains, which condense into larger platforms in response to
sphingomyelinase activation or ceramidase inhibition, are sites for endocytic uptake of SARS-CoV-2.
Drugs that inhibit ceramide biosynthesis have been effective against SARS-CoV-2 entry into host
cells. In particular, ASM activity induced after binding of SARS-CoV-2 to ACE-2 is a promising target
in SARS-CoV-2 infection. In common with that of other viruses, release of virus from endocytic
compartments relies on ceramide metabolism. (b) Application of exogenous sphingosine could
prevent interaction with SARS-CoV-2 spike protein and thereby exert antiviral activity.

3.2. Regulation of Viral Replication via Sphingolipids

When evaluated at an overall level, individual SL species accumulating in viral host
cells may be favorable for either the host cell or the virus. Lipidomic profiling in a bronchial
epithelial cell line revealed massive perturbation of particularly the SL pathway, and therein,
most prominently in sphingomyelin species, after infection by influenza A virus, rhinovirus
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and SARS-CoV-2. Revealing that requirements of sphingomyelin in viral replication might
substantially differ, exposure of infected cells to bacterial sphingomyelinase suppressed
replication of influenza virus and SARS-CoV-2, yet enhanced that of rhinovirus [109].
Additionally, in lung epithelial cells, a protective role of ceramides was evidenced where
replicating, but not UV-inactivated IAV caused de novo biosynthesis of ceramide which
limited viral replication [110] as previously also suggested for hepatitis B [111]. In contrast,
SLs, also including ceramides, may also act pro-virally by supporting viral replication as
revealed for hepatitis C, West Nile and Dengue viruses [112-114].

These are positive strand RNA viruses known to extensively remodel cellular mem-
branes into distinct compartments referred to as viral replication compartments (VRCs).
VRCs act as platforms to concentrate viral proteins and assemble replication complexes,
and shield those from recognition by innate defense systems. Obviously, virally-triggered
rewiring of host lipid metabolism creating a specific lipid micromilieu is essential in VRC
formation and function. This has been extensively studied for sterols and glycerophos-
pholipids (excellently reviewed in [115]) while the role of SLs in this process is less well
understood. Pharmacological inhibition of SL biosynthesis interfered with replication of
hepatitis C and West Nile Virus, and SM, glycosphingolipids or ceramide, respectively,
were detected in association with VRCs [116-118]. Mosquitos, if infected by an intracellular
bacterial genus called Wolbachia, are much less efficient at transmitting Dengue Virus
to humans. Supporting a pro-viral role of SLs in Dengue virus replication, all SL classes
found to be enriched in Dengue infected mosquito cells were depleted in the presence of
Wolbachia, which obviously created an unfavorable lipid environment to the virus [119].
A comprehensive lipidomic study recently revealed significantly remodeled lipid compo-
sition in Huh?7 cells upon infection with Zika virus (a flavivirus) (or ectopic expression
of its nonstructural protein 4B (NS4B)) and this particularly affected SLs subclasses [120].
SLs were found to act pro-virally for Zika virus infection, because inhibition of SL biosyn-
thesis interfered with viral replication in a variety of cell types while exogenous supply
of ceramide sensitized target cells for viral infection. Interestingly, ceramide was found
to redistribute to Zika virus replication sites associating with NS4B, there suggesting that
ceramide flux takes part in VRC formation and activity.

Regulation of the sphingosine kinase/sphingosine-1-phosphate system by viruses
has been widely studied [121] and proposed as a potential target for intervention in viral
infections, also including COVID-19 [122]. It can act antivirally as revealed for viral diar-
rhea virus (BVDV), a close relative of HCV. A nonstructural BVDV protein (NS3) binds to
and inhibits sphingosine kinase 1 (SphK1) and this was found important for efficient viral
replication [123]. Similarly, pharmacological activation of SphK1, overexpression of the
enzyme or administration of S1P, effectively interfered with Ebola virus glycoprotein driven
entry into endothelial cells [124]. In contrast, activation of neutral ceramidase and SphK1
and as a result of sphingosine 1-phosphate (S1P) generation, AKT and ERK supported
replication of respiratory syncytial virus (RSV) in lung epithelial cells [125]. A pro-viral role
of sphingosine kinase/S1P was also seen for IAV, MV and human cytomegalovirus replica-
tion (HCMV) [126-128]. Thus, SphK1 overexpression enhanced IAV protein synthesis and
progeny virus synthesis [129], while SphK1 inhibition reduced viral replication by interfer-
ing with nuclear export of viral RNPs [130]. IAV infection itself activates SphK1 [129] and
thereby stimulates the NFkB pathway which promotes viral RNA synthesis [131]. Similar
observations were made for MV infection, where SphK inhibition impaired viral protein
expression and suppressed MV-induced activation of NF«B in certain cell lines [127]. In
its natural (lymphoid) target cells, however, inhibition of both acid ceramidase (causing
ceramide accumulation) or sphingosine kinase (elevating sphingosine) impaired MV repli-
cation. Rather than acting on a viral target directly, the latter particularly affected cellular
activities including mTORC1 and Hsp90, supporting the interpretation that MV promotes
activation of these pathways to ensure efficient replication [132]. Recent studies performed
in 3D cultures modeling the respiratory tract supported a key role of MV-induced S1P to
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promote fast ameboid migration of DCs toward the lung epithelial cell layer as important
for transmission during viral exit from the infected individual [133].

3.3. Sphingolipids in Viral Assembly, Maturation and Infectivity

The membrane patch where viral assembly occurs defines the composition of the
viral particle’s envelope membrane. Initially established as highly relevant in membrane
model systems, the operation of lipid-based protein sorting in mammalian cell membranes
has in fact been pioneered by studies on HIV biogenesis [134,135]. When comparatively
analyzed with that of the overall cellular membrane, the HIV particle substantially differs
in its lipid composition as especially reflected by selective enrichment of SM and dihydro-
sphingomyelin, while ceramides are barely represented [136,137]. This suggested that the
viral core either selects already existing or actively remodels host cell membranes during
the assembly and subsequent budding process. It was only after techniques to visualize and
trace single virus assembly by quantitative live cell imaging that, driven by oligomerized
HIV Gag protein at the inner membrane leaflet, formation of ordered membrane domains
orchestrating lipid and protein composition could be demonstrated [135,138]. Underlying
mechanisms described in this and earlier highly elegant studies included acquisition of
membrane curvature [139,140], lipid-based phase partitioning and sequential sorting of
proteins, and supported the importance of trans-bilayer coupling by acyl chain interactions
for phase separation of the outer membrane leaflet assembly site.

As indicated above for VRCs, biogenesis of lipid structures can be intimately coupled
to viral replication and/or assembly for certain viruses. The latter process has been
intensely studied for HCV and Dengue virus, where biogenesis of lipid droplets has a
crucial role in initiation of viral assembly [141,142]. Interestingly, ceramide transfer protein
(CERT) was required for HCV maturation, suggesting an important contribution of the SL
pathway in flavivirus replication [143].

Finally, the lipid composition of the enveloped viral particle may substantially impact
its infectivity. Suggesting that SM content of the particle is important, viral entry was
reduced after treatment of bovine herpesvirus particles, but not that of the target cells
with bacterial sphingomyelinase (bSMase). In contrast, pseudorabies virus entry was
sensitive to bSMAse at the level of the host cell and not the particle, while HSV-1 entry was
insensitive to bSMase exposure of either membrane or particle [144] and SM was found
to be important in IAV infection both at the viral particle and the host cell level [145]. As
especially revealed for HIV and Ebola virus particles, viral uptake into DCs is substantially
enhanced upon recognition of sialylated gangliosides anchored to viral membranes by
Siglec-1 [146,147].

Infectivity of viral particles budding into intracellular compartments may also be
determined by their SL composition. Thus, the HCV RNA-dependent polymerase NS5B
and p7 protein cooperatively promote infectivity of the viral particle by decreasing its SM
content [148], and morphogenesis of BVDV, budding into the ER, also includes a lipid
sorting mechanism [149]. Viral particles were found particularly enriched in cholesterol,
SM and hexosyl-ceramide, with both cholesterol and SM being of functional importance in
attachment and entry of BVDV.

4. Outlook and Perspectives

Drug repurposing has already revealed the potential but also limitations of SL path-
way modulating compounds in containing viral infections. This has so far been studied for
the SphK/S1P/S1P lyase system and results obtained clearly document the complexity of
responses. FTY720 (commercially known as fingolimod or Gilenya), upon phosphoryla-
tion by SphK2, acts to inhibit S1P receptor signaling, and thereby, potently inflammation
and is therefore licensed for treatment of multiple sclerosis. A recent study suggested
fingolimod as a promising novel therapy approach for HIV treatment and prevention.
Firstly, it prevented viral spread in human CD4+ T cells by reducing surface density of
this receptor (which may be of particular relevance given the low density of HIV glyco-
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proteins available for interaction), and secondly, it enhanced the activity of SAMHD]1, a
cellular restriction factor, and thereby, levels of total and integrated HIV [150]. Thus, in
addition to preventing S1P-mediated cellular activation which overall is mainly beneficial
for viral replication, fingolimod has apparently virus-specific targets as well. Although it
did not mechanistically address the role of S1P or S1PR signaling, a recent study provided
compelling evidence that SphK2, the enzyme required to activate fingolimod, efficiently
prevented clearance of LCMV in experimentally infected mice by restricting T cell im-
munopathology and promoting viral persistence [151]. Based on its anti-inflammatory
activity, fingolimod (or, in general terms, inhibitors of S1P receptor signaling) has also
been evaluated for its beneficial effect in virally-induced immunopathology when brought
about by hyperinflammation through the activity of immune effector cells or cytokine
storm. Thus, S1P analogs effectively reduced lung pathology induced by experimental
influenza or paramyxovirus infection in mice [152-154]. Cytokine storm and hyperinflam-
mation associated with prominent lung infiltration of CD8+ T cells and NK cells also marks
the late phase of SARS-CoV-2 infection in mice, and therefore, S1P analogs in COVID-19
therapy might be an option [122]. This needs, however, to be critically assessed because
interference with S1PR signaling obviously also limits the ability of the host to clear viral
infection by both disabling recruitment and activation of effector cells and by limiting
IFN-responses [152,155]. Interestingly, a host-protective role has been revealed for the S1P
lyase in vitro; independently of its ability to catalyze S1P this enzyme enhanced type I
interferon production in influenza virus infection [156].

Another example where targeted intervention of the SL pathway may be highly
effective in viral pathogenesis is production of extracellular vesicles (EV). These come in
different types, dependent on their origin, and production of least some EV species was
found to occur clearly ASM or NSM-dependently [157-160]. Viral infections are known to
affect generation and content of EVs, and thereby mediate transfer of both viral and host
cell proteins or nucleic acids [161]. Viral components transferred by this pathway include
single proteins, sub-genomic or micro-RNAs, up to entire viral particles, the latter revealed
for hepatitis C and A viruses. Alternatively, EVs transfer cellular or viral proteins involved
in regulating the interferon response of yet uninfected neighboring cells. For instance, EVs
were found to amplify the innate immunity to hepatitis B, mouse hepatitis and adenovirus
in liver cells in vitro and in vivo by transfer of interferon effector proteins from infected
cells to uninfected cells, and importantly, this was prevented by both pharmacologic
inhibition and genetic ablation of NSM2 (in vivo mediated by hydrodynamic injection of
siRNA) [162]. Targeting the activity of SL metabolizing enzymes involved in EV production
might thus be highly efficient in regulating viral pathogenesis at multiple levels.

Apparently, yet not surprisingly, the impact of the SL anabolic and catabolic pathway
on viral replication occurs at multiple levels, and doubtlessly, much more will be detected
in the future now that experimental systems have advanced. This especially refers to
mouse models allowing for—ideally conditional—genetic ablation of enzymes involved in
the SL pathway, in particular compartments that will be of particular relevance to study
its role in viral pathogenesis and to evaluate the potential of pharmacologic intervention.
It is, however, essentially clear that interventions into viral replication per se are highly
effective when implemented early in infection, and thereby need to be complemented by
drugs modulating induction and activity of host immune responses.

Author Contributions: Conceptualization: S.S.-S., J.S. (Jiirgen Seibelel), B.K.; writing: S.S.-S., ES.,
D.W., M.S., TW.,, ].S. (Jan Schlegel), ].S. (Jiirgen Seibelel). B.K.; software: D.W., S.S.-S., B.K. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the German Research Association DFG, grant number
GRK2581 t0 S.S.-S., J. Seibel and B.K. The APC was funded by the Freie Universitét Berlin.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Cells 2021, 10, 2175 15 of 21

Data Availability Statement: Not applicable.

Acknowledgments: In respect to her scientific work on the defense of bacterial infections and her remark-
able personality we would like to dedicate this manuscript to Annette Draeger (University of Bern).

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

References

1.  Hannun, Y.A; Obeid, L.M. Many Ceramides. ]. Biol. Chem. 2011, 286, 27855-27862. [CrossRef] [PubMed]

2. Hannun, Y.A,; Obeid, L. Principles of bioactive lipid signalling: Lessons from sphingolipids. Nat. Rev. Mol. Cell Biol. 2008, 9,
139-150. [CrossRef]

3. Harayama, T.; Riezman, H. Understanding the diversity of membrane lipid composition. Nat. Rev. Mol. Cell Biol. 2018, 19,
281-296. [CrossRef] [PubMed]

4.  Bieberich, E. Sphingolipids and lipid rafts: Novel concepts and methods of analysis. Chem. Phys. Lipids 2018, 216, 114-131.
[CrossRef]

5. Barrera, N.P.; Zhou, M.; Robinson, C.V. The role of lipids in defining membrane protein interactions: Insights from mass
spectrometry. Trends Cell Biol. 2013, 23, 1-8. [CrossRef]

6.  Bollinger, C.R.; Teichgréber, V.; Gulbins, E. Ceramide-enriched membrane domains. Biochim. Biophys. Acta BBA Bioenerg. 2005,
1746, 284-294. [CrossRef] [PubMed]

7. Gulbins, E.; Kolesnick, R. Raft ceramide in molecular medicine. Oncogene 2003, 22, 7070-7077. [CrossRef] [PubMed]

8.  Bedia, C; Levade, T.; Codogno, P. Regulation of Autophagy by Sphingolipids. Anti-Cancer Agents Med. Chem. 2011, 11, 844-853.
[CrossRef]

9.  Young, M.; Kester, M.; Wang, H.-G. Sphingolipids: Regulators of crosstalk between apoptosis and autophagy. J. Lipid Res. 2013,
54,5-19. [CrossRef]

10. Carpinteiro, A.; Dumitru, C.; Schenck, M.; Gulbins, E. Ceramide-induced cell death in malignant cells. Cancer Lett. 2008, 264,
1-10. [CrossRef]

11.  Weigert, A.; Olesch, C.; Briine, B. Sphingosine-1-Phosphate and Macrophage Biology—How the Sphinx Tames the Big Eater.
Front. Immunol. 2019, 10, 1706. [CrossRef] [PubMed]

12.  Alvarez, S.E.; Harikumar, K.B.; Hait, N.C.; Allegood, J.; Strub, G.M.; Kim, E.Y.; Maceyka, M.; Jiang, H.; Luo, C.; Kordula, T.; et al.
Sphingosine-1-phosphate is a missing cofactor for the E3 ubiquitin ligase TRAF2. Nature 2010, 465, 1084-1088. [CrossRef]
[PubMed]

13.  Smith, E.L.; Schuchman, E.H. The unexpected role of acid sphingomyelinase in cell death and the pathophysiology of common
diseases. FASEB J. 2008, 22, 3419-3431. [CrossRef] [PubMed]

14. Schulze, H.; Sandhoff, K. Lysosomal Lipid Storage Diseases. Cold Spring Harb. Perspect. Biol. 2011, 3, a004804. [CrossRef]

15. Kornhuber, J.; Miiller, C.; Becker, K.A.; Reichel, M.; Gulbins, E. The ceramide system as a novel antidepressant target.
Trends Pharmacol. Sci. 2014, 35, 293-304. [CrossRef] [PubMed]

16. Halmer, R.; Walter, S.; Fassbender, K. Sphingolipids: Important Players in Multiple Sclerosis. Cell. Physiol. Biochem. 2014, 34,
111-118. [CrossRef]

17. Feng, S.; Harayama, T.; Montessuit, S.; David, EP.; Winssinger, N.; Martinou, J.-C.; Riezman, H. Mitochondria-specific photoacti-
vation to monitor local sphingosine metabolism and function. eLife 2018, 7, 7. [CrossRef] [PubMed]

18. Sakamoto, W.; Canals, D.; Salamone, S.; Allopenna, J.; Clarke, C.J.; Snider, J.; Obeid, L.M.; Hannun, Y.A. Probing compartment-
specific sphingolipids with targeted bacterial sphingomyelinases and ceramidases. J. Lipid Res. 2019, 60, 1841-1850. [CrossRef]

19. Hoglinger, D.; Nadler, A.; Haberkant, P.; Kirkpatrick, J.; Schifferer, M.; Stein, F; Hauke, S.; Porter, F.D.; Schultz, C. Trifunctional
lipid probes for comprehensive studies of single lipid species in living cells. Proc. Natl. Acad. Sci. USA 2017, 114, 1566-1571.
[CrossRef]

20. Contreras, F-X.; Ernst, A.; Haberkant, P.; Bjorkholm, P.; Lindahl, E.; Gonen, B.; Tischer, C.; Elofsson, A.; von Heijne, G,;
Thiele, C.; et al. Molecular recognition of a single sphingolipid species by a protein’s transmembrane domain. Nature 2012, 481,
525-529. [CrossRef]

21. Contreras, E-X.; Ernst, A.; Wieland, E; Bruigger, B. Specificity of Intramembrane Protein-Lipid Interactions. Cold Spring Harb.
Perspect. Biol. 2011, 3, a004705. [CrossRef]

22. Tamura, T.; Fujisawa, A.; Tsuchiya, M.; Shen, Y.; Nagao, K.; Kawano, S.; Tamura, Y.; Endo, T.; Umeda, M.; Hamachi, I. Organelle
membrane-specific chemical labeling and dynamic imaging in living cells. Nat. Chem. Biol. 2020, 16, 1361-1367. [CrossRef]

23.  Kunz, T.C; Kozjak-Pavlovic, V. Diverse Facets of Sphingolipid Involvement in Bacterial Infections. Front. Cell Dev. Biol. 2019, 7,
203. [CrossRef]

24. Rolando, M.; Buchrieser, C. A Comprehensive Review on the Manipulation of the Sphingolipid Pathway by Pathogenic Bacteria.
Front. Cell Dev. Biol. 2019, 7, 168. [CrossRef]

25. Li, C.; Wang, A.; Wu, Y,; Gulbins, E.; Grassmé, H.; Zhao, Z. Acid Sphingomyelinase-Ceramide System in Bacterial Infections.
Cell. Physiol. Biochem. 2019, 52, 280-301. [CrossRef]

26. Becker, K.A.; Gellhaus, A.; Winterhager, E.; Gulbins, E. Ceramide-Enriched Membrane Domains in Infectious Biology and

Development. Alzheimer’s Dis. 2008, 49, 523-538. [CrossRef]


http://doi.org/10.1074/jbc.R111.254359
http://www.ncbi.nlm.nih.gov/pubmed/21693702
http://doi.org/10.1038/nrm2329
http://doi.org/10.1038/nrm.2017.138
http://www.ncbi.nlm.nih.gov/pubmed/29410529
http://doi.org/10.1016/j.chemphyslip.2018.08.003
http://doi.org/10.1016/j.tcb.2012.08.007
http://doi.org/10.1016/j.bbamcr.2005.09.001
http://www.ncbi.nlm.nih.gov/pubmed/16226325
http://doi.org/10.1038/sj.onc.1207146
http://www.ncbi.nlm.nih.gov/pubmed/14557812
http://doi.org/10.2174/187152011797655131
http://doi.org/10.1194/jlr.R031278
http://doi.org/10.1016/j.canlet.2008.02.020
http://doi.org/10.3389/fimmu.2019.01706
http://www.ncbi.nlm.nih.gov/pubmed/31379883
http://doi.org/10.1038/nature09128
http://www.ncbi.nlm.nih.gov/pubmed/20577214
http://doi.org/10.1096/fj.08-108043
http://www.ncbi.nlm.nih.gov/pubmed/18567738
http://doi.org/10.1101/cshperspect.a004804
http://doi.org/10.1016/j.tips.2014.04.003
http://www.ncbi.nlm.nih.gov/pubmed/24793541
http://doi.org/10.1159/000362988
http://doi.org/10.7554/eLife.34555
http://www.ncbi.nlm.nih.gov/pubmed/29376826
http://doi.org/10.1194/jlr.M094722
http://doi.org/10.1073/pnas.1611096114
http://doi.org/10.1038/nature10742
http://doi.org/10.1101/cshperspect.a004705
http://doi.org/10.1038/s41589-020-00651-z
http://doi.org/10.3389/fcell.2019.00203
http://doi.org/10.3389/fcell.2019.00168
http://doi.org/10.33594/000000021
http://doi.org/10.1007/978-1-4020-8831-5_20

Cells 2021, 10, 2175 16 of 21

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Fink, J.; Schumacher, E,; Schlegel, J.; Stenzel, P.; Wigger, D.; Sauer, M.; Kleuser, B.; Seibel, ]. Azidosphinganine enables metabolic
labeling and detection of sphingolipid de novo synthesis. Org. Biomol. Chem. 2021, 19, 2203-2212. [CrossRef] [PubMed]
Wigger, D.; Gulbins, E.; Kleuser, B.; Schumacher, F. Monitoring the Sphingolipid de novo Synthesis by Stable-Isotope Labeling
and Liquid Chromatography-Mass Spectrometry. Front. Cell Dev. Biol. 2019, 7, 210. [CrossRef] [PubMed]

Doktorova, M.; Symons, J.L.; Levental, I. Structural and functional consequences of reversible lipid asymmetry in living
membranes. Nat. Chem. Biol. 2020, 16, 1321-1330. [CrossRef] [PubMed]

Airola, M.V,; Hannun, Y.A. Sphingolipid Metabolism and Neutral Sphingomyelinases. Handb. Exp. Pharmacol. 2013, 2013, 57-76.
[CrossRef]

Clarke, C.J.; Snook, C.F; Tani, M.; Matmati, N.; Marchesini, A.N.; Hannun, Y.A. The Extended Family of Neutral Sphingomyeli-
nases. Biochemistry 2006, 45, 11247-11256. [CrossRef]

Airola, M.; Shanbhogue, P; Shamseddine, A.A.; Guja, K.E,; Senkal, C.E.; Maini, R.; Bartke, N.; Wu, B.X.; Obeid, L.M,;
Garcia-Diaz, M.; et al. Structure of human nSMase2 reveals an interdomain allosteric activation mechanism for ceramide genera-
tion. Proc. Natl. Acad. Sci. USA 2017, 114, E5549-E5558. [CrossRef] [PubMed]

Avota, E.; De Lira, M.N.; Schneider-Schaulies, S. Sphingomyelin Breakdown in T Cells: Role of Membrane Compartmentalization
in T Cell Signaling and Interference by a Pathogen. Front. Cell. Dev. Biol. 2019, 7, 152. [CrossRef]

Andrews, N.W. Solving the secretory acid sphingomyelinase puzzle: Insights from lysosome-mediated parasite invasion and
plasma membrane repair. Cell. Microbiol. 2019, 21, €13065. [CrossRef] [PubMed]

Gault, C.R;; Obeid, L.M.; Hannun, Y.A. An Overview of Sphingolipid Metabolism: From Synthesis to Breakdown.
Sphingolipids Signal. Regul. Mol. 2010, 1-23. [CrossRef]

Spiegel, S.; Maczis, M.A.; Maceyka, M.; Milstien, S. New insights into functions of the sphingosine-1-phosphate transporter
SPNS2. J. Lipid Res. 2019, 60, 484-489. [CrossRef]

Takabe, K.; Spiegel, S. Export of sphingosine-1-phosphate and cancer progression. J. Lipid Res. 2014, 55, 1839-1846. [CrossRef]
[PubMed]

Beckmann, N.; Becker, K. Ceramide and Related Molecules in Viral Infections. Int. . Mol. Sci. 2021, 22, 5676. [CrossRef]

Miiller, T.G.; Sakin, V.; Miiller, B. A Spotlight on Viruses—Application of Click Chemistry to Visualize Virus-Cell Interactions.
Molecules 2019, 24, 481. [CrossRef]

Lingwood, C.A.; Manis, A.; Mahfoud, R.; Khan, E; Binnington, B.; Mylvaganam, M. New aspects of the regulation of glycosphin-
golipid receptor function. Chem. Phys. Lipids 2010, 163, 27-35. [CrossRef]

Hammache, D.; Yahi, N.; Piéroni, G.; Ariasi, F.; Tamalet, C.; Fantini, ]. 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]

Hammache, D.; Piéroni, G.; Yahi, N.; Delézay, O.; Koch, N.; Lafont, H.; Tamalet, C.; Fantini, J. Specific Interaction of HIV-1 and
HIV-2 Surface Envelope Glycoproteins with Monolayers of Galactosylceramide and Ganglioside GM3. J. Biol. Chem. 1998, 273,
7967-7971. [CrossRef]

Cook, D.G.; Fantini, J.; Spitalnik, S.L.; Gonzalez-Scarano, F. Binding of Human Immunodeficiency Virus Type I (HIV-1) Gp120 to
Galactosylceramide (GalCer): Relationship to the V3 Loop. Virology 1994, 201, 206-214. [CrossRef]

Magerus-Chatinet, A.; Yu, H.; Garcia, S.; Ducloux, E.; Terris, B.; Bomsel, M. Galactosyl ceramide expressed on dendritic cells can
mediate HIV-1 transfer from monocyte derived dendritic cells to autologous T cells. Virology 2007, 362, 67-74. [CrossRef]
Alfsen, A.; Bomsel, M. HIV-1 gp41 Envelope Residues 650-685 Exposed on Native Virus Act as a Lectin to Bind Epithelial Cell
Galactosyl Ceramide. J. Biol. Chem. 2002, 277, 25649-25659. [CrossRef]

Yu, H.; Alfsen, A.; Tudor, D.; Bomsel, M. The binding of HIV-1 gp41 membrane proximal domain to its mucosal receptor,
galactosyl ceramide, is structure-dependent. Cell Calcium 2008, 43, 73-82. [CrossRef]

Dorosko, S.M.; Connor, R.I. Primary Human Mammary Epithelial Cells Endocytose HIV-1 and Facilitate Viral Infection of CD4 +
T Lymphocytes. . Virol. 2010, 84, 10533-10542. [CrossRef] [PubMed]

Puri, A.; Rawat, S.S.; Lin, H.-M.].; Finnegan, C.M.; Mikovits, J.; Ruscetti, EW.; Blumenthal, R. An inhibitor of glycosphingolipid
metabolism blocks HIV-1 infection of primary T-cells. AIDS 2004, 18, 849-858. [CrossRef] [PubMed]

Rawat, S.S.; Gallo, S.A.; Eaton, J.; Martin, T.D.; Ablan, S.; KewalRamani, V.N.; Wang, ].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]

Lund, N.; Branch, D.R,; Sakac, D.; Lingwood, C.A.; Siatskas, C.; Robinson, C.J.; Brady, R.O.; Medin, J.A. Lack of susceptibility of
cells from patients with Fabry disease to productive infection with R5 human immunodeficiency virus. AIDS 2005, 19, 1543-1546.
[CrossRef]

Lund, N.; Olsson, M.L.; Ramkumar, S.; Sakac, D.; Yahalom, V.; Levene, C.; Hellberg, A.; Ma, X.Z.; Binnington, B.; Jung, D.; et al.
The human P* histo-blood group antigen provides protection against HIV-1 infection. Blood 2009, 113, 4980-4991. [CrossRef]
Ramkumar, S.; Sakac, D.; Binnington, B.; Branch, D.R.; Lingwood, C.A. Induction of HIV-1 resistance: Cell susceptibility to
infection is an inverse function of globotriaosyl ceramide levels. Glycobiology 2008, 19, 76-82. [CrossRef]

Harrison, A.L.; Olsson, M.L.; Jones, R.B.; Ramkumar, S.; Sakac, D.; Binnington, B.; Henry, S.; Lingwood, C.A.; Branch, D.R. A
synthetic globotriaosylceramide analogue inhibits HIV-1 infection in vitro by two mechanisms. Glycoconj. J. 2010, 27, 515-524.
[CrossRef]


http://doi.org/10.1039/D0OB02592E
http://www.ncbi.nlm.nih.gov/pubmed/33496698
http://doi.org/10.3389/fcell.2019.00210
http://www.ncbi.nlm.nih.gov/pubmed/31632963
http://doi.org/10.1038/s41589-020-00688-0
http://www.ncbi.nlm.nih.gov/pubmed/33199908
http://doi.org/10.1007/978-3-7091-1368-4_3
http://doi.org/10.1021/bi061307z
http://doi.org/10.1073/pnas.1705134114
http://www.ncbi.nlm.nih.gov/pubmed/28652336
http://doi.org/10.3389/fcell.2019.00152
http://doi.org/10.1111/cmi.13065
http://www.ncbi.nlm.nih.gov/pubmed/31155842
http://doi.org/10.1007/978-1-4419-6741-1_1
http://doi.org/10.1194/jlr.S091959
http://doi.org/10.1194/jlr.R046656
http://www.ncbi.nlm.nih.gov/pubmed/24474820
http://doi.org/10.3390/ijms22115676
http://doi.org/10.3390/molecules24030481
http://doi.org/10.1016/j.chemphyslip.2009.09.001
http://doi.org/10.1006/bbrc.1998.8531
http://doi.org/10.1074/jbc.273.14.7967
http://doi.org/10.1006/viro.1994.1287
http://doi.org/10.1016/j.virol.2006.11.035
http://doi.org/10.1074/jbc.M200554200
http://doi.org/10.1016/j.ceca.2007.04.011
http://doi.org/10.1128/JVI.01263-10
http://www.ncbi.nlm.nih.gov/pubmed/20702626
http://doi.org/10.1097/00002030-200404090-00002
http://www.ncbi.nlm.nih.gov/pubmed/15060432
http://doi.org/10.1128/JVI.78.14.7360-7368.2004
http://www.ncbi.nlm.nih.gov/pubmed/15220409
http://doi.org/10.1097/01.aids.0000183521.90878.79
http://doi.org/10.1182/blood-2008-03-143396
http://doi.org/10.1093/glycob/cwn106
http://doi.org/10.1007/s10719-010-9297-y

Cells 2021, 10, 2175 17 of 21

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.
66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Drews, K.; Calgi, M.P,; Harrison, W.C.; Drews, C.M.; Costa-Pinheiro, P.; Shaw, ].].P,; Jobe, K.A.; Nelson, E.A.; Han, ].D.; Fox, T.; et al.
Glucosylceramidase Maintains Influenza Virus Infection by Regulating Endocytosis. J. Virol. 2019, 93. [CrossRef]

Drews, K.; Calgi, M.P; Harrison, W.C.; Drews, C.M.; Costa-Pinheiro, P; Shaw, J.J.P; Jobe, K.A,; Han, ].D.; Fox, T.E,;
White, ].M.; et al. Glucosylceramide synthase maintains influenza virus entry and infection. PLoS ONE 2020, 15, e0228735.
[CrossRef] [PubMed]

Vitner, E.B.; Achdout, H.; Avraham, R.; Politi, B.; Cherry, L.; Tamir, H.; Yahalom-Ronen, Y.; Paran, N.; Melamed, S.; Erez, N.; et al.
Glucosylceramide synthase inhibitors prevent replication of SARS-CoV-2 and Influenza virus. J. Biol. Chem. 2021, 296, 100470.
[CrossRef] [PubMed]

Bonsch, C.; Zuercher, C.; Lieby, P.; Kempf, C.; Ros, C. The Globoside Receptor Triggers Structural Changes in the B19 Virus Capsid
That Facilitate Virus Internalization. J. Virol. 2010, 84, 11737-11746. [CrossRef] [PubMed]

Burckhardt, C.J.; Greber, U.F. Virus Movements on the Plasma Membrane Support Infection and Transmission between Cells.
PLOS Pathog. 2009, 5, e1000621. [CrossRef] [PubMed]

Luo, Y.;; Motamedi, N.; Magaldi, T.G.; Gee, G.V.; Atwood, W.J.; DiMaio, D. Interaction between Simian Virus 40 Major Capsid
Protein VP1 and Cell Surface Ganglioside GM1 Triggers Vacuole Formation. mBio 2016, 7, e00297-16. [CrossRef]

O’Hara, S.D.; Garcea, R.L. Murine Polyomavirus Cell Surface Receptors Activate Distinct Signaling Pathways Required for
Infection. mBio 2016, 7, €01836-16. [CrossRef]

Aerts, ] M.EG.; Artola, M.; Van Eijk, M.; Ferraz, M.].; Boot, R.G. Glycosphingolipids and Infection. Potential New Therapeutic
Avenues. Front. Cell Dev. Biol. 2019, 7, 324. [CrossRef] [PubMed]

Holopainen, J.M.; Angelova, M.I,; Kinnunen, PK. Vectorial Budding of Vesicles by Asymmetrical Enzymatic Formation of
Ceramide in Giant Liposomes. Biophys. ]. 2000, 78, 830-838. [CrossRef]

Zha, X.; Pierini, L.M.; Leopold, P.L.; Skiba, PJ.; Tabas, I.; Maxfield, F. Sphingomyelinase Treatment Induces ATP-independent
Endocytosis. J. Cell Biol. 1998, 140, 39-47. [CrossRef] [PubMed]

Grassmé, H.; Riethmdiller, J.; Gulbins, E. Biological aspects of ceramide-enriched membrane domains. Prog. Lipid Res. 2007, 46,
161-170. [CrossRef]

Gulbins, E.; Dreschers, S.; Wilker, B. Ceramide, membrane rafts and infections. . Mol. Med. 2004, 82, 357-363. [CrossRef]
Gulbins, E.; Grassmé, H. Ceramide and cell death receptor clustering. Biochim. Biophys. Acta BBA Mol. Cell Biol. Lipids 2002, 1585,
139-145. [CrossRef]

Utermohlen, O.; Herz, J.; Schramm, M.; Kronke, M. Fusogenicity of membranes: The impact of acid sphingomyelinase on innate
immune responses. Immunobiology 2008, 213, 307-314. [CrossRef]

Orchard, R.C.; Wilen, C.B.; Virgin, H.W. Sphingolipid biosynthesis induces a conformational change in the murine norovirus
receptor and facilitates viral infection. Nat. Microbiol. 2018, 3, 1109-1114. [CrossRef]

Tani, H.; Shiokawa, M.; Kaname, Y.; Kambara, H.; Mori, Y.; Abe, T.; Moriishi, K.; Matsuura, Y. Involvement of Ceramide in the
Propagation of Japanese Encephalitis Virus. J. Virol. 2010, 84, 2798-2807. [CrossRef]

Taniguchi, M.; Tasaki, T.; Ninomiya, H.; Ueda, Y.; Kuremoto, K.-I.; Mitsutake, S.; Igarashi, Y.; Okazaki, T.; Takegami, T.
Sphingomyelin generated by sphingomyelin synthase 1 is involved in attachment and infection with Japanese encephalitis virus.
Sci. Rep. 2016, 6, 37829. [CrossRef]

Grassmé, H.; Riehle, A.; Wilker, B.; Gulbins, E. Rhinoviruses Infect Human Epithelial Cells via Ceramide-enriched Membrane
Platforms. J. Biol. Chem. 2005, 280, 26256-26262. [CrossRef]

Dreschers, S.; Franz, P.; Dumitru, C.; Wilker, B.; Jahnke, K.; Gulbins, E. Infections with Human Rhinovirus Induce the Formation
of Distinct Functional Membrane Domains. Cell Physiol. Biochem. 2006, 20, 241-254. [CrossRef]

Dumitru, C.A.; Dreschers, S.; Gulbins, E. Rhinoviral Infections Activate p38MAP-Kinases Via Membrane Rafts and RhoA.
Cell Physiol. Biochem. 2006, 17, 159-166. [CrossRef] [PubMed]

Miller, M.E.; Adhikary, S.; Kolokoltsov, A.A.; Davey, R.A. Ebolavirus Requires Acid Sphingomyelinase Activity and Plasma
Membrane Sphingomyelin for Infection. J. Virol. 2012, 86, 7473-7483. [CrossRef] [PubMed]

Carette, J.; Raaben, M.; Wong, A.C.; Herbert, A.S.; Obernosterer, G.; Mulherkar, N.; Kuehne, A.I; Kranzusch, PJ.; Griffin, AM.;
Ruthel, G.; et al. Ebola virus entry requires the cholesterol transporter Niemann-Pick C1. Nature 2011, 477, 340-343. [CrossRef]
Coté, M.; Misasi, J.; Ren, T.; Bruchez, A.; Lee, K,; Filone, C.M.; Hensley, L.; Li, Q.; Ory, D.; Chandran, K,; et al. Small molecule
inhibitors reveal Niemann-Pick C1 is essential for Ebola virus infection. Nature 2011, 477, 344-348. [CrossRef]

Miller, E.H.; Obernosterer, G.; Raaben, M.; Herbert, A.S.; Deffieu, M.S.; Krishnan, A.; Ndungo, E.; Sandesara, R.G.; Carette, J.;
Kuehne, A.IL; et al. Ebola virus entry requires the host-programmed recognition of an intracellular receptor. EMBO ]. 2012, 31,
1947-1960. [CrossRef] [PubMed]

Avota, E.; Gulbins, E.; Schneider-Schaulies, S. DC-SIGN Mediated Sphingomyelinase-Activation and Ceramide Generation Is
Essential for Enhancement of Viral Uptake in Dendritic Cells. PLOS Pathog. 2011, 7, €1001290. [CrossRef] [PubMed]

Luisoni, S.; Suomalainen, M.; Boucke, K.; Tanner, L.B.; Wenk, M.R.; Guan, X.L.; Grzybek, M.; Coskun, U.; Greber, U.E Co-option
of Membrane Wounding Enables Virus Penetration into Cells. Cell Host Microbe 2015, 18, 75-85. [CrossRef]

Berger, S.B.; Romero, X.; Ma, C.; Wang, G.; Faubion, W.A.; Liao, G.; Compeer, E.; Keszei, M.; Rameh, L.; Wang, N.; et al. SLAM is
a microbial sensor that regulates bacterial phagosome functions in macrophages. Nat. Immunol. 2010, 11, 920-927. [CrossRef]


http://doi.org/10.1128/JVI.00017-19
http://doi.org/10.1371/journal.pone.0228735
http://www.ncbi.nlm.nih.gov/pubmed/32032363
http://doi.org/10.1016/j.jbc.2021.100470
http://www.ncbi.nlm.nih.gov/pubmed/33639165
http://doi.org/10.1128/JVI.01143-10
http://www.ncbi.nlm.nih.gov/pubmed/20826697
http://doi.org/10.1371/journal.ppat.1000621
http://www.ncbi.nlm.nih.gov/pubmed/19956678
http://doi.org/10.1128/mBio.00297-16
http://doi.org/10.1128/mBio.01836-16
http://doi.org/10.3389/fcell.2019.00324
http://www.ncbi.nlm.nih.gov/pubmed/31867330
http://doi.org/10.1016/S0006-3495(00)76640-9
http://doi.org/10.1083/jcb.140.1.39
http://www.ncbi.nlm.nih.gov/pubmed/9425152
http://doi.org/10.1016/j.plipres.2007.03.002
http://doi.org/10.1007/s00109-004-0539-y
http://doi.org/10.1016/S1388-1981(02)00334-7
http://doi.org/10.1016/j.imbio.2007.10.016
http://doi.org/10.1038/s41564-018-0221-8
http://doi.org/10.1128/JVI.02499-09
http://doi.org/10.1038/srep37829
http://doi.org/10.1074/jbc.M500835200
http://doi.org/10.1159/000104170
http://doi.org/10.1159/000092077
http://www.ncbi.nlm.nih.gov/pubmed/16543732
http://doi.org/10.1128/JVI.00136-12
http://www.ncbi.nlm.nih.gov/pubmed/22573858
http://doi.org/10.1038/nature10348
http://doi.org/10.1038/nature10380
http://doi.org/10.1038/emboj.2012.53
http://www.ncbi.nlm.nih.gov/pubmed/22395071
http://doi.org/10.1371/journal.ppat.1001290
http://www.ncbi.nlm.nih.gov/pubmed/21379338
http://doi.org/10.1016/j.chom.2015.06.006
http://doi.org/10.1038/ni.1931

Cells 2021, 10, 2175 18 of 21

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.
101.
102.
103.
104.
105.

106.

Tam, C.; Idone, V.; Devlin, C.; Fernandes, M.C.; Flannery, A.; He, X.; Schuchman, E.; Tabas, I.; Andrews, N. Exocytosis of acid
sphingomyelinase by wounded cells promotes endocytosis and plasma membrane repair. J. Cell Biol. 2010, 189, 1027-1038.
[CrossRef] [PubMed]

Draeger, A.; Babiychuk, E.B. Ceramide in Plasma Membrane Repair. Organotyp. Models Drug Dev. 2013, 216, 341-353. [CrossRef]
Draeger, A.; Monastyrskaya, K.; Babiychuk, E.B. Plasma membrane repair and cellular damage control: The annexin survival kit.
Biochem. Pharmacol. 2011, 81, 703-712. [CrossRef] [PubMed]

Lang, J.; Bohn, P.; Bhat, H.; Jastrow, H.; Walkenfort, B.; Cansiz, F,; Fink, J.; Bauer, M.; Olszewski, D.; Ramos-Nascimento, A.; et al.
Acid ceramidase of macrophages traps herpes simplex virus in multivesicular bodies and protects from severe disease.
Nat. Commun. 2020, 11, 1-15. [CrossRef]

Sorice, M.; Misasi, R.; Riitano, G.; Manganelli, V.; Martellucci, S.; Longo, A.; Garofalo, T.; Mattei, V. Targeting Lipid Rafts as a
Strategy Against Coronavirus. Front. Cell Dev. Biol. 2021, 8, 618296. [CrossRef]

Becker, K.A.; Carpinteiro, A.; Hoffmann, M.; Péhlmann, S.; Kornhuber, J.; Gulbins, E. Ex vivo assay to evaluate the efficacy
of drugs targeting sphingolipids in preventing SARS-CoV-2 infection of nasal epithelial cells. STAR Protoc. 2021, 2, 100356.
[CrossRef]

Carpinteiro, A.; Gripp, B.; Hoffmann, M.; Péhlmann, S.; Hoertel, N.; Edwards, M.].; Kamler, M.; Kornhuber, J.; Becker, K.A.;
Gulbins, E. Inhibition of acid sphingomyelinase by ambroxol prevents SARS-CoV-2 entry into epithelial cells. J. Biol. Chem. 2021,
296, 100701. [CrossRef]

Zimniak, M.; Kirschner, L.; Hilpert, H.; Geiger, N.; Danov, O.; Oberwinkler, H.; Steinke, M.; Sewald, K.; Seibel, J.; Bodem, J. The
serotonin reuptake inhibitor Fluoxetine inhibits SARS-CoV-2 in human lung tissue. Sci. Rep. 2021, 11, 5890. [CrossRef]
Carpinteiro, A.; Edwards, M.]J.; Hoffmann, M.; Kochs, G.; Gripp, B.; Weigang, S.; Adams, C.; Carpinteiro, E.; Gulbins, A.;
Keitsch, S.; et al. Pharmacological Inhibition of Acid Sphingomyelinase Prevents Uptake of SARS-CoV-2 by Epithelial Cells.
Cell Rep. Med. 2020, 1, 100142. [CrossRef]

Schloer, S.; Brunotte, L.; Goretzko, J.; Mecate-Zambrano, A.; Korthals, N.; Gerke, V.; Ludwig, S.; Rescher, U. Targeting the
endolysosomal host-SARS-CoV-2 interface by clinically licensed functional inhibitors of acid sphingomyelinase (FIASMA)
including the antidepressant fluoxetine. Emerg. Microbes Infect. 2020, 9, 2245-2255. [CrossRef]

Edwards, M.].; Becker, K.A.; Gripp, B.; Hoffmann, M.; Keitsch, S.; Wilker, B.; Soddemann, M.; Gulbins, A.; Carpinteiro, E.;
Patel, S.H.; et al. Sphingosine prevents binding of SARS-CoV-2 spike to its cellular receptor ACE2. ]. Biol. Chem. 2020, 295,
15174-15182. [CrossRef]

Becker, K.A.; Riethmiiller, J.; Seitz, A.P.; Gardner, A.; Boudreau, R.; Kamler, M.; Kleuser, B.; Schuchman, E.; Caldwell, C.;
Edwards, M.J.; et al. Sphingolipids as targets for inhalation treatment of cystic fibrosis. Adv. Drug Deliv. Rev. 2018, 133, 66-75.
[CrossRef] [PubMed]

Wu, Y,; Liu, Y.; Gulbins, E.; Grassmé, H. The Anti-Infectious Role of Sphingosine in Microbial Diseases. Cells 2021, 10, 1105.
[CrossRef] [PubMed]

Finnegan, C.M.; Rawat, S.S.; Cho, E.H.; Guiffre, D.L.; Lockett, S.; Merrill, A.; Blumenthal, R. Sphingomyelinase Restricts the
Lateral Diffusion of CD4 and Inhibits Human Immunodeficiency Virus Fusion. J. Virol. 2007, 81, 5294-5304. [CrossRef]
Finnegan, C.M.; Rawat, S.S.; Puri, A.; Wang, ].M.; Ruscetti, EW.; Blumenthal, R. Ceramide, a target for antiretroviral therapy.
Proc. Natl. Acad. Sci. USA 2004, 101, 15452-15457. [CrossRef] [PubMed]

Rawat, S.S.; Zimmerman, C.; Johnson, B.T.; Cho, E.; Lockett, S.J.; Blumenthal, R.; Puri, A. Restricted lateral mobility of plasma
membrane CD4 impairs HIV-1 envelope glycoprotein mediated fusion. Mol. Membr. Biol. 2008, 25, 83-94. [CrossRef]

Hayashi, Y.; Nemoto-Sasaki, Y.; Tanikawa, T.; Oka, S.; Tsuchiya, K.; Zama, K.; Mitsutake, S.; Sugiura, T.; Yamashita, A.
Sphingomyelin Synthase 2, but Not Sphingomyelin Synthase 1, Is Involved in HIV-1 Envelope-mediated Membrane Fusion.
J. Biol. Chem. 2014, 289, 30842-30856. [CrossRef]

Voisset, C.; Lavie, M.; Helle, F; De Beeck, A.O.; Bilheu, A.; Bertrand-Michel, J.; Tercé, F.; Cocquerel, L.; Wychowski, C.;
Vu-Dac, N,; et al. Ceramide enrichment of the plasma membrane induces CD81 internalization and inhibits hepatitis C virus
entry. Cell. Microbiol. 2007, 10, 606—617. [CrossRef]

Schelhaas, M.; Ewers, H.; Rajaméki, M.-L.; Day, PM.; Schiller, ].T.; Helenius, A. Human Papillomavirus Type 16 Entry: Retrograde
Cell Surface Transport along Actin-Rich Protrusions. PLOS Pathog. 2008, 4, €1000148. [CrossRef]

Lehmann, M.].; Sherer, N.M.; Marks, C.B.; Pypaert, M.; Mothes, W. Actin- and myosin-driven movement of viruses along
filopodia precedes their entry into cells. J. Cell Biol. 2005, 170, 317-325. [CrossRef]

Ewers, H.; Smith, A.E.; Sbalzarini, I; Lilie, H.; Koumoutsakos, P.; Helenius, A. Single-particle tracking of murine polyoma
virus-like particles on live cells and artificial membranes. Proc. Natl. Acad. Sci. USA 2005, 102, 15110-15115. [CrossRef] [PubMed]
Sherer, N.M.; Lehmann, M.].; Soto, L.FJ.; Horensavitz, C.; Pypaert, M.; Mothes, W. Retroviruses can establish filopodial bridges
for efficient cell-to-cell transmission. Nat. Cell Biol. 2007, 9, 310-315. [CrossRef] [PubMed]

Mothes, W.; Sherer, N.M.; Jin, J.; Zhong, P. Virus Cell-to-Cell Transmission. J. Virol. 2010, 84, 8360-8368. [CrossRef] [PubMed]
Mercer, J.; Helenius, A. Virus entry by macropinocytosis. Nat. Cell Biol. 2009, 11, 510-520. [CrossRef] [PubMed]

Mercer, J.; Helenius, A. Vaccinia Virus Uses Macropinocytosis and Apoptotic Mimicry to Enter Host Cells. Science 2008, 320,
531-535. [CrossRef] [PubMed]

Zeidan, Y.H.; Jenkins, R.W.; Hannun, Y.A. Remodeling of cellular cytoskeleton by the acid sphingomyelinase/ceramide pathway.
J. Cell Biol. 2008, 181, 335-350. [CrossRef]


http://doi.org/10.1083/jcb.201003053
http://www.ncbi.nlm.nih.gov/pubmed/20530211
http://doi.org/10.1007/978-3-7091-1511-4_17
http://doi.org/10.1016/j.bcp.2010.12.027
http://www.ncbi.nlm.nih.gov/pubmed/21219882
http://doi.org/10.1038/s41467-020-15072-8
http://doi.org/10.3389/fcell.2020.618296
http://doi.org/10.1016/j.xpro.2021.100356
http://doi.org/10.1016/j.jbc.2021.100701
http://doi.org/10.1038/s41598-021-85049-0
http://doi.org/10.1016/j.xcrm.2020.100142
http://doi.org/10.1080/22221751.2020.1829082
http://doi.org/10.1074/jbc.RA120.015249
http://doi.org/10.1016/j.addr.2018.04.015
http://www.ncbi.nlm.nih.gov/pubmed/29698625
http://doi.org/10.3390/cells10051105
http://www.ncbi.nlm.nih.gov/pubmed/34064516
http://doi.org/10.1128/JVI.02553-06
http://doi.org/10.1073/pnas.0402874101
http://www.ncbi.nlm.nih.gov/pubmed/15489273
http://doi.org/10.1080/09687680701613713
http://doi.org/10.1074/jbc.M114.574285
http://doi.org/10.1111/j.1462-5822.2007.01070.x
http://doi.org/10.1371/journal.ppat.1000148
http://doi.org/10.1083/jcb.200503059
http://doi.org/10.1073/pnas.0504407102
http://www.ncbi.nlm.nih.gov/pubmed/16219700
http://doi.org/10.1038/ncb1544
http://www.ncbi.nlm.nih.gov/pubmed/17293854
http://doi.org/10.1128/JVI.00443-10
http://www.ncbi.nlm.nih.gov/pubmed/20375157
http://doi.org/10.1038/ncb0509-510
http://www.ncbi.nlm.nih.gov/pubmed/19404330
http://doi.org/10.1126/science.1155164
http://www.ncbi.nlm.nih.gov/pubmed/18436786
http://doi.org/10.1083/jcb.200705060

Cells 2021, 10, 2175 19 of 21

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Gassert, E.; Avota, E.; Harms, H.; Krohne, G.; Gulbins, E.; Schneider-Schaulies, S. Induction of Membrane Ceramides: A Novel
Strategy to Interfere with T Lymphocyte Cytoskeletal Reorganisation in Viral Immunosuppression. PLoS Pathog. 2009, 5, e1000623.
[CrossRef]

Mueller, N.; Avota, E.; Collenburg, L.; Grassmé, H.; Schneider-Schaulies, S. Neutral Sphingomyelinase in Physiological and
Measles Virus Induced T Cell Suppression. PLOS Pathog. 2014, 10, e1004574. [CrossRef]

Dissanayake, TK.; Yan, B.; Ng, A.C.-K; Zhao, H.; Chan, G.; Yip, C.C.-Y,; Sze, K.-H.; To, K.K.-W. Differential role of sphingomyelin
in influenza virus, rhinovirus and SARS-CoV-2 infection of Calu-3 cells. . Gen. Virol. 2021, 102, 001593. [CrossRef]

Soudani, N.; Hage-Sleiman, R.; Karam, W.; Dbaibo, G.; Zaraket, H. Ceramide Suppresses Influenza A Virus Replication In Vitro.
J. Virol. 2019, 93. [CrossRef]

Tatematsu, K.; Tanaka, Y.; Sugiyama, M.; Sudoh, M.; Mizokami, M. Host sphingolipid biosynthesis is a promising therapeutic
target for the inhibition of hepatitis B virus replication. J. Med. Virol. 2011, 83, 587-593. [CrossRef] [PubMed]

Perera, R.; Riley, C.; Isaac, G.; Hopf-Jannasch, A.S.; Moore, R.J.; Weitz, K.W.; Pasa-Tolic, L.; Metz, T.; Adamec, J.; Kuhn, R.J. Dengue
Virus Infection Perturbs Lipid Homeostasis in Infected Mosquito Cells. PLoS Pathog. 2012, 8, €1002584. [CrossRef] [PubMed]
Zhang, Z.; He, G.; Filipowicz, N.A.; Randall, G.; Belov, G.A.; Kopek, B.G.; Wang, X. Host Lipids in Positive-Strand RNA Virus
Genome Replication. Front. Microbiol. 2019, 10, 286. [CrossRef] [PubMed]

Perera, M.N.; Ganesan, V.; Siskind, L.].; Szulc, Z.M.; Bielawski, J.; Bielawska, A.; Bittman, R.; Colombini, M. Ceramide channels:
Influence of molecular structure on channel formation in membranes. Biochim. Biophys. Acta BBA Biomembr. 2012, 1818, 1291-1301.
[CrossRef] [PubMed]

Strating, ]. R.P.M.; van Kuppeveld, F.J.M. Viral rewiring of cellular lipid metabolism to create membranous replication compart-
ments. Curr. Opin. Cell Biol. 2017, 47, 24-33. [CrossRef] [PubMed]

Weng, L.; Hirata, Y.; Arai, M.; Kohara, M.; Wakita, T.; Watashi, K.; Shimotohno, K.; He, Y.; Zhong, J.; Toyoda, T. Sphingomyelin
Activates Hepatitis C Virus RNA Polymerase in a Genotype-Specific Manner. J. Virol. 2010, 84, 11761-11770. [CrossRef] [PubMed]
Khan, I.; Katikaneni, D.S.; Han, Q.; Sanchez-Felipe, L.; Hanada, K.; Ambrose, R.L.; Mackenzie, J.; Konan, K.V. Modulation
of Hepatitis C Virus Genome Replication by Glycosphingolipids and Four-Phosphate Adaptor Protein 2. ]. Virol. 2014, 88,
12276-12295. [CrossRef]

Martin-Acebes, M.A.; Gabande-Rodriguez, E.; Garcia-Cabrero, A.M.; Sanchez, M.P,; Ledesma, M.D.; Sobrino, F; Saiz, ].-C. Host
sphingomyelin increases West Nile virus infection in vivo. J. Lipid Res. 2016, 57, 422-432. [CrossRef] [PubMed]

Molloy, J.C.; Sommer, U.; Viant, M.R,; Sinkins, S.P. Wolbachia Modulates Lipid Metabolism in Aedes albopictus Mosquito Cells.
Appl. Environ. Microbiol. 2016, 82, 3109-3120. [CrossRef]

Leier, H.C.; Weinstein, ].B.; Kyle, J.E.; Lee, J.-Y.; Bramer, L.M.; Stratton, K.G.; Kempthorne, D.; Navratil, A.R.; Tafesse, E.G.;
Hornemann, T.; et al. A global lipid map defines a network essential for Zika virus replication. Nat. Commun. 2020, 11, 3652.
[CrossRef] [PubMed]

Wolf, J.J.; Studstill, C.J.; Hahm, B. Emerging Connections of S1P-Metabolizing Enzymes with Host Defense and Immunity During
Virus Infections. Viruses 2019, 11, 1097. [CrossRef]

McGowan, E.M.; Haddadi, N.; Nassif, N.T.; Lin, Y. Targeting the SphK-S1P-SIPR Pathway as a Potential Therapeutic Approach
for COVID-19. Int. ]. Mol. Sci. 2020, 21, 7189. [CrossRef]

Yamane, D.; Zahoor, M.A.; Mohamed, Y.M.; Azab, W.; Kato, K.; Tohya, Y.; Akashi, H. Inhibition of sphingosine kinase by bovine
viral diarrhea virus NS3 is crucial for efficient viral replication and cyto-pathogenesis. J. Biol. Chem. 2009, 284, 13648-13659.
[CrossRef] [PubMed]

Imre, G.; Krahling, V.; Eichler, M.; Trautmann, S.; Ferreirés, N.; Aman, M.].; Kashanchi, F; Rajalingam, K.; Péhlmann, S.;
Becker, S.; et al. The sphingosine kinase 1 activator, K6PC-5, attenuates Ebola virus infection. iScience 2021, 24, 102266. [CrossRef]
[PubMed]

Monick, M.M.; Cameron, K.; Powers, L.S.; Butler, N.; McCoy, D.; Mallampalli, R K.; Hunninghake, G.W. Sphingosine Kinase
Mediates Activation of Extracellular Signal-Related Kinase and Akt by Respiratory Syncytial Virus. Am. J. Respir. Cell Mol. Biol.
2004, 30, 844-852. [CrossRef]

Zilch, A.; Rien, C.; Weigel, C.; Huskobla, S.; Gliick, B.; Spengler, K.; Sauerbrei, A.; Heller, R.; Gréler, M.; Henke, A. Influence of
sphingosine-1-phosphate signaling on HCMYV replication in human embryonal lung fibroblasts. Med. Microbiol. Immunol. 2018,
207,227-242. [CrossRef] [PubMed]

Vijayan, M.; Seo, Y.-].; Pritzl, C.J.; Squires, S.A.; Alexander, S.; Hahm, B. Sphingosine kinase 1 regulates measles virus replication.
Virology 2014, 450-451, 55-63. [CrossRef]

Seo, Y.-].; Blake, C.; Alexander, S.; Hahm, B. Sphingosine 1-Phosphate-Metabolizing Enzymes Control Influenza Virus Propagation
and Viral Cytopathogenicity. J. Virol. 2010, 84, 8124-8131. [CrossRef]

Seo, Y.J.; Pritzl, C.].; 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, €75005.

Vijayan, M.; Hahm, B. Influenza Viral Manipulation of Sphingolipid Metabolism and Signaling to Modulate Host Defense System.
Scientifica 2014, 2014, 793815. [CrossRef]

Kumar, N.; Xin, Z.T,; Liang, Y.; Ly, H.; Liang, Y. NF-kappaB signaling differentially regulates influenza virus RNA synthesis.
J. Virol. 2008, 82, 9880-9889. [CrossRef] [PubMed]


http://doi.org/10.1371/journal.ppat.1000623
http://doi.org/10.1371/journal.ppat.1004574
http://doi.org/10.1099/jgv.0.001593
http://doi.org/10.1128/JVI.00053-19
http://doi.org/10.1002/jmv.21970
http://www.ncbi.nlm.nih.gov/pubmed/21328371
http://doi.org/10.1371/journal.ppat.1002584
http://www.ncbi.nlm.nih.gov/pubmed/22457619
http://doi.org/10.3389/fmicb.2019.00286
http://www.ncbi.nlm.nih.gov/pubmed/30863375
http://doi.org/10.1016/j.bbamem.2012.02.010
http://www.ncbi.nlm.nih.gov/pubmed/22365970
http://doi.org/10.1016/j.ceb.2017.02.005
http://www.ncbi.nlm.nih.gov/pubmed/28242560
http://doi.org/10.1128/JVI.00638-10
http://www.ncbi.nlm.nih.gov/pubmed/20844041
http://doi.org/10.1128/JVI.00970-14
http://doi.org/10.1194/jlr.M064212
http://www.ncbi.nlm.nih.gov/pubmed/26764042
http://doi.org/10.1128/AEM.00275-16
http://doi.org/10.1038/s41467-020-17433-9
http://www.ncbi.nlm.nih.gov/pubmed/32694525
http://doi.org/10.3390/v11121097
http://doi.org/10.3390/ijms21197189
http://doi.org/10.1074/jbc.M807498200
http://www.ncbi.nlm.nih.gov/pubmed/19293152
http://doi.org/10.1016/j.isci.2021.102266
http://www.ncbi.nlm.nih.gov/pubmed/33817572
http://doi.org/10.1165/rcmb.2003-0424OC
http://doi.org/10.1007/s00430-018-0543-4
http://www.ncbi.nlm.nih.gov/pubmed/29700602
http://doi.org/10.1016/j.virol.2013.11.039
http://doi.org/10.1128/JVI.00510-10
http://doi.org/10.1155/2014/793815
http://doi.org/10.1128/JVI.00909-08
http://www.ncbi.nlm.nih.gov/pubmed/18701591

Cells 2021, 10, 2175 20 of 21

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

Grafen, A.; Schumacher, F; Chithelen, J.; Kleuser, B.; Beyersdorf, N.; Schneider-Schaulies, J. Use of Acid Ceramidase and
Sphingosine Kinase Inhibitors as Antiviral Compounds Against Measles Virus Infection of Lymphocytes in vitro. Front. Cell
Dev. Biol. 2019, 7, 218. [CrossRef]

Derakhshani, S.; Kurz, A.; Japtok, L.; Schumacher, F,; Pilgram, L.; Steinke, M.; Kleuser, B.; Sauer, M.; Schneider-Schaulies, S.;
Avota, E. Measles Virus Infection Fosters Dendritic Cell Motility in a 3D Environment to Enhance Transmission to Target Cells in
the Respiratory Epithelium. Front. Immunol. 2019, 10, 1294. [CrossRef] [PubMed]

Sengupta, P.; Lippincott-Schwartz, J. Revisiting Membrane Microdomains and Phase Separation: A Viral Perspective. Viruses
2020, 12, 745. [CrossRef]

Sengupta, P; Seo, A.Y.; Pasolli, H.A.; Song, Y.E.; Johnson, M.C.; Lippincott-Schwartz, J. A lipid-based partitioning mechanism for
selective incorporation of proteins into membranes of HIV particles. Nat. Cell Biol. 2019, 21, 452-461. [CrossRef] [PubMed]
Briigger, B.; Glass, B.; Haberkant, P.; Leibrecht, I.; Wieland, F.T.; Krdusslich, H.-G. The HIV lipidome: A raft with an unusual
composition. Proc. Natl. Acad. Sci. USA 2006, 103, 2641-2646. [CrossRef] [PubMed]

Lorizate, M.; Sachsenheimer, T.; Glass, B.; Habermann, A.; Gerl, M.; Krausslich, H.-G.; Briigger, B. Comparative lipidomics
analysis of HIV-1 particles and their producer cell membrane in different cell lines. Cell. Microbiol. 2013, 15, 292-304. [CrossRef]
Favard, C.; Chojnacki, J.; Merida, P,; Yandrapalli, N.; Mak, J.; Eggeling, C.; Muriaux, D. HIV-1 Gag specifically restricts PI1(4,5)P2
and cholesterol mobility in living cells creating a nanodomain platform for virus assembly. Sci. Adv. 2019, 5, eaaw8651. [CrossRef]
Briggs, J.A.G.; Riches, J.; Glass, B.; Bartonova, V.; Zanetti, G.; Krausslich, H.-G. Structure and assembly of immature HIV.
Proc. Natl. Acad. Sci. USA 2009, 106, 11090-11095. [CrossRef]

Carlson, L.-A.; Briggs, J.; Glass, B.; Riches, J.; Simon, M.N.; Johnson, M.C.; Miiller, B.; Griinewald, K.; Krdusslich, H.-G. Three-
Dimensional Analysis of Budding Sites and Released Virus Suggests a Revised Model for HIV-1 Morphogenesis. Cell Host Microbe
2008, 4, 592-599. [CrossRef]

Fischl, W.; Bartenschlager, R. Exploitation of cellular pathways by Dengue virus. Curr. Opin. Microbiol. 2011, 14, 470-475.
[CrossRef] [PubMed]

Alvisi, G.; Madan, V.; Bartenschlager, R. Hepatitis C virus and host cell lipids: An intimate connection. RNA Biol. 2011, 8, 258-269.
[CrossRef] [PubMed]

Amako, Y.; Syed, G.; Siddiqui, A. Protein Kinase D Negatively Regulates Hepatitis C Virus Secretion through Phosphorylation of
Oxysterol-binding Protein and Ceramide Transfer Protein. J. Biol. Chem. 2011, 286, 11265-11274. [CrossRef]

Pastenkos, G.; Miller, ].L.; Pritchard, S.M.; Nicola, A.V. Role of Sphingomyelin in Alphaherpesvirus Entry. J. Virol. 2019, 93.
[CrossRef]

Audi, A.; Soudani, N.; Dbaibo, G.; Zaraket, H. Depletion of Host and Viral Sphingomyelin Impairs Influenza Virus Infection.
Front. Microbiol. 2020, 11, 612. [CrossRef]

Perez-Zsolt, D.; Erkizia, I; Pino, M.; Garcia-Gallo, M.; Martin, M.T.; Benet, S.; Chojnacki, J.; Ferndndez-Figueras, M.T.; Guerrero, D.;
Urrea, V,; et al. Anti-Siglec-1 antibodies block Ebola viral uptake and decrease cytoplasmic viral entry. Nat. Microbiol. 2019, 4,
1558-1570. [CrossRef] [PubMed]

Puryear, W.B.; Akiyama, H.; Geer, S.D.; Ramirez, N.-G.; Yu, X.; Reinhard, B.M.; Gummuluru, S. Interferon-Inducible Mechanism
of Dendritic Cell-Mediated HIV-1 Dissemination Is Dependent on Siglec-1/CD169. PLoS Pathog. 2013, 9, €1003291. [CrossRef]
Aligeti, M.; Roder, A.; Horner, S.M. Cooperation between the Hepatitis C Virus p7 and NS5B Proteins Enhances Virion Infectivity.
J. Viirol. 2015, 89, 11523-11533. [CrossRef]

Callens, N.; Briigger, B.; Bonnafous, P.; Drobecq, H.; Gerl, M.; Krey, T.; Roman-Sosa, G.; Riimenapf, T.; Lambert, O.;
Dubuisson, J.; et al. Morphology and Molecular Composition of Purified Bovine Viral Diarrhea Virus Envelope. PLoS Pathog.
2016, 12, €1005476. [CrossRef]

Resop, R.S.; Fromentin, R.; Newman, D.; Rigsby, H.; Dubrovsky, L.; Bukrinsky, M.; Chomont, N.; Bosque, A. Fingolimod inhibits
multiple stages of the HIV-1 life cycle. PLoS Pathog. 2020, 16, €1008679. [CrossRef]

Studstill, C.J.; Pritzl, C.J.; Seo, Y.-].; Kim, D.Y.; Xia, C.; Wolf, ].].; Nistala, R.; Vijayan, M.; Cho, Y.-B.; Kang, K.W,; et al. Sphingosine
kinase 2 restricts T cell immunopathology but permits viral persistence. J. Clin. Investig. 2020, 130, 6523-6538. [CrossRef]

Naz, E; Arish, M. Battling COVID-19 Pandemic: Sphingosine-1-Phosphate Analogs as an Adjunctive Therapy? Front. Immunol.
2020, 11, 1102. [CrossRef]

Walsh, K.B.; Teijaro, ].R.; Brock, L.G.; Fremgen, D.M.; Collins, PL.; Rosen, H.; Oldstone, M.B.A. Animal Model of Respiratory
Syncytial Virus: CD8+ T Cells Cause a Cytokine Storm That Is Chemically Tractable by Sphingosine-1-Phosphate 1 Receptor
Agonist Therapy. J. Virol. 2014, 88, 6281-6293. [CrossRef]

Walsh, K.B.; Teijaro, ].R.; Wilker, PR.; Jatzek, A.; Fremgen, D.M.; Das, S.C.; Watanabe, T.; Hatta, M.; Shinya, K.; Suresh, M.; et al.
Suppression of cytokine storm with a sphingosine analog provides protection against pathogenic influenza virus. Proc. Natl.
Acad. Sci. USA 2011, 108, 12018-12023. [CrossRef] [PubMed]

Teijaro, ].R.; Studer, S.; Leaf, N.; Kiosses, W.B.; Nguyen, N.; Matsuki, K.; Negishi, H.; Taniguchi, T.; Oldstone, M.B.A.; Rosen, H.
S1PR1-mediated IFNAR1 degradation modulates plasmacytoid dendritic cell interferon-a autoamplification. Proc. Natl. Acad. Sci.
USA 2016, 113, 1351-1356. [CrossRef] [PubMed]

Vijayan, M.; Xia, C.; Song, Y.E.; Ngo, H.; Studstill, C.J.; Drews, K.; Fox, T.E.; Johnson, M.C.; Hiscott, J.; Kester, M.; et al.
Sphingosine 1-Phosphate Lyase Enhances the Activation of IKKepsilon To Promote Type I IFN-Mediated Innate Immune
Responses to Influenza A Virus Infection. J. Immunol. 2017, 199, 677-687. [CrossRef] [PubMed]


http://doi.org/10.3389/fcell.2019.00218
http://doi.org/10.3389/fimmu.2019.01294
http://www.ncbi.nlm.nih.gov/pubmed/31231395
http://doi.org/10.3390/v12070745
http://doi.org/10.1038/s41556-019-0300-y
http://www.ncbi.nlm.nih.gov/pubmed/30936472
http://doi.org/10.1073/pnas.0511136103
http://www.ncbi.nlm.nih.gov/pubmed/16481622
http://doi.org/10.1111/cmi.12101
http://doi.org/10.1126/sciadv.aaw8651
http://doi.org/10.1073/pnas.0903535106
http://doi.org/10.1016/j.chom.2008.10.013
http://doi.org/10.1016/j.mib.2011.07.012
http://www.ncbi.nlm.nih.gov/pubmed/21798792
http://doi.org/10.4161/rna.8.2.15011
http://www.ncbi.nlm.nih.gov/pubmed/21593584
http://doi.org/10.1074/jbc.M110.182097
http://doi.org/10.1128/JVI.01547-18
http://doi.org/10.3389/fmicb.2020.00612
http://doi.org/10.1038/s41564-019-0453-2
http://www.ncbi.nlm.nih.gov/pubmed/31160823
http://doi.org/10.1371/journal.ppat.1003291
http://doi.org/10.1128/JVI.01185-15
http://doi.org/10.1371/journal.ppat.1005476
http://doi.org/10.1371/journal.ppat.1008679
http://doi.org/10.1172/JCI125297
http://doi.org/10.3389/fimmu.2020.01102
http://doi.org/10.1128/JVI.00464-14
http://doi.org/10.1073/pnas.1107024108
http://www.ncbi.nlm.nih.gov/pubmed/21715659
http://doi.org/10.1073/pnas.1525356113
http://www.ncbi.nlm.nih.gov/pubmed/26787880
http://doi.org/10.4049/jimmunol.1601959
http://www.ncbi.nlm.nih.gov/pubmed/28600291

Cells 2021, 10, 2175 21 of 21

157.

158.

159.

160.

161.

162.

Verderio, C.; Gabrielli, M.; Giussani, P. Role of sphingolipids in the biogenesis and biological activity of extracellular vesicles.
J. Lipid Res. 2018, 59, 1325-1340. [CrossRef]

Dinkins, M.B.; Wang, G.; Bieberich, E. Sphingolipid-Enriched Extracellular Vesicles and Alzheimer’s Disease: A Decade of
Research. J. Alzheimer’s Dis. 2017, 60, 757-768. [CrossRef]

Trajkovic, K.; Hsu, C.; Chiantia, S.; Rajendran, L.; Wenzel, D.; Wieland, F,; Schwille, P.; Brugger, B.; Simons, M. Ceramide Triggers
Budding of Exosome Vesicles into Multivesicular Endosomes. Science 2008, 319, 1244-1247. [CrossRef]

Catalano, M.; O’Driscoll, L. Inhibiting extracellular vesicles formation and release: A review of EV inhibitors. . Extracell. Vesicles
2020, 9, 1703244. [CrossRef]

Raab-Traub, N.; Dittmer, D.P. Viral effects on the content and function of extracellular vesicles. Nat. Rev. Microbiol. 2017, 15,
559-572. [CrossRef] [PubMed]

Li, J; Liu, K,; Liu, Y,; Xu, Y.; Zhang, F; Yang, H.; Liu, J.; Pan, T.; Chen, J.; Wu, M.; et al. Exosomes mediate the cell-to-cell
transmission of IFN-x-induced antiviral activity. Nat. Immunol. 2013, 14, 793-803. [CrossRef] [PubMed]


http://doi.org/10.1194/jlr.R083915
http://doi.org/10.3233/JAD-160567
http://doi.org/10.1126/science.1153124
http://doi.org/10.1080/20013078.2019.1703244
http://doi.org/10.1038/nrmicro.2017.60
http://www.ncbi.nlm.nih.gov/pubmed/28649136
http://doi.org/10.1038/ni.2647
http://www.ncbi.nlm.nih.gov/pubmed/23832071

	Introduction 
	Sphingolipid Metabolism 
	Sphingolipid Targets in Viral Life Cycles 
	Attachement and Entry 
	Glycosphingolipids in Viral Entry 
	Ceramide-Enriched Membrane Microdomains in Viral Uptake and Trafficking 
	Antiviral Activity of Ceramide at the Level of Uptake 

	Regulation of Viral Replication via Sphingolipids 
	Sphingolipids in Viral Assembly, Maturation and Infectivity 

	Outlook and Perspectives 
	References

