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Abstract: Ceramide is a lipid messenger at the heart of sphingolipid metabolism. In concert with its
metabolizing enzymes, particularly sphingomyelinases, it has key roles in regulating the physical
properties of biological membranes, including the formation of membrane microdomains. Thus,
ceramide and its related molecules have been attributed significant roles in nearly all steps of the viral
life cycle: they may serve directly as receptors or co-receptors for viral entry, form microdomains
that cluster entry receptors and/or enable them to adopt the required conformation or regulate
their cell surface expression. Sphingolipids can regulate all forms of viral uptake, often through
sphingomyelinase activation, and mediate endosomal escape and intracellular trafficking. Ceramide
can be key for the formation of viral replication sites. Sphingomyelinases often mediate the release of
new virions from infected cells. Moreover, sphingolipids can contribute to viral-induced apoptosis
and morbidity in viral diseases, as well as virus immune evasion. Alpha-galactosylceramide, in
particular, also plays a significant role in immune modulation in response to viral infections. This
review will discuss the roles of ceramide and its related molecules in the different steps of the viral
life cycle. We will also discuss how novel strategies could exploit these for therapeutic benefit.

Keywords: ceramide; acid sphingomyelinase; sphingolipids; lipid-rafts; α-galactosylceramide; viral
infection; antiviral therapies; immunomodulation; SARS-CoV-2; HIV-1; IAV

1. Introduction

Ceramide is an important lipid messenger that consists of a sphingosine backbone,
which is acylated with one of several possible acyl coenzyme A molecules by a ceramide
synthase [1]. Thus, the term “ceramide” technically comprises a whole class of molecules
that differ in their acyl chain and can have different biological functions as a result. The
attachment of phosphocholine to ceramide yields sphingomyelin (SM) species, which differ
in their acyl chains just like the underlying ceramides. However, it is still unclear if this
is also linked to unique functions [2]. The addition of sugar residues to ceramide yields
glycosphingolipids (GSL), which introduces an even greater level of complexity, as GSLs
vary not only in their acyl chain but also in the order and type of sugar residues attached [2].
Figure 1 summarizes sphingolipid structures, and Figure 2 shows the metabolic pathway.

SM is the most abundant sphingolipid in eukaryotes and a major component of cell
membranes. Sphingomyelinases catalyze the breakdown of SM to ceramide and phos-
phorylcholine. Acid sphingomyelinase (ASM) is one of three such lipid hydrolases in
humans [3]. Generally considered a lysosomal enzyme, ASM can, however, translocate to
the plasma membrane and generate ceramide at the extracellular cell surface. This results
in the formation of lipid microdomains called ceramide-enriched plasma membrane plat-
forms, which are often crucial for ASM/ceramide-mediated signaling pathways [4]. This
mechanism was first described for CD95-death induced signaling complex formation [5],
but has since been demonstrated to occur for a large number of stimuli, including a number
of pathogens [6].
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Figure 1. Sphingolipid structures. Ceramide consists of a sphingosine backbone (black) and one of several fatty acids
(red), which differ in chain length and degree of saturation. Thus, the term “ceramide” actually describes a whole class of
molecules. The addition of certain, invariant polar head groups (blue) results in sphingolipid classes that only vary in their
underlying ceramide, whereas the addition of variable sugar groups (green) results in different glycosphingolipids. These
are the most complex group, as the type and linkage of sugar residues added differ in addition to the fatty acid chain.

Figure 2. Sphingolipid metabolism. Ceramide is the central hub of sphingolipid metabolism. De novo synthesis (blue)
starts with palmitoyl CoA, and the salvage pathway starts with conversion to sphingosine and ends with a fatty aldehyde
and ethanolamine-phosphate (green). The synthesis of glycosphingolipids starts with the formation of glucosylceramide
(purple). Other key pathways are phosphorylation to ceramide-1-phosphate (blue-gray), conversion to sphingomyelin
(orange) and glycosylation to α-galactosylceramide and sulfatide (yellow). Inhibitors of ceramide-metabolizing enzymes
are shown in red. Cer: ceramide; GlcCer: glucosylceramide; S1P: sphingosine 1-phosphate; SM: sphingomyelin.
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In line with its role in membrane microdomains, ceramide has also been attributed
key roles in internal membranes. The tight packing of ceramide molecules in response to
sphingomyelinase activation causes a negative curvature. Depending on where in the lipid
bilayer ceramide generation occurs, this can promote inward or outward vesiculation and
promote endocytosis, vesicle shedding, etc. [7].

Taken together, it is no surprise that ceramide has been attributed a role in essentially
all steps of the viral life cycle, from viral entry into the host cell over replication to the
release of new virions. In this review, we will summarize the current knowledge regarding
the involvement of ceramide and ceramide-containing sphingolipids at each step. We will
also point out potential therapeutic interventions and discuss the roles of sphingolipids in
viral immune modulation and evasion.

2. Viral Entry

The first stage in the viral life cycle is cellular entry, which entails the attachment of a
virion to a host cell, penetration of the virus into the cell cytoplasm and uncoating, i.e., the
shedding of the capsid [8]. Given the known effects of sphingolipids on the organization
of membranes and their biophysical properties [7,9,10] it is not surprising that they play
a role in viral entry. While we present the reported data according to their role in the
respective viral entry step, it has to be noted that, based on the experiments performed,
it is not always possible to draw a clear distinction between the role of sphingolipids in
viral attachment vs. penetration into host cells. Additionally, these roles do not have to be
mutually exclusive.

2.1. Viral Attachment

Several viruses use GSLs with a ceramide core as host cell receptors or co-receptors
for infection. For instance, rotavirus binds different glycolipids and gangliosides [11,12].
GSLs may simply serve as receptors for initial viral attachment directly. Alternatively, they
may serve as platforms for viral attachment: sphingolipids are organized in functional
microdomains within the membrane, and these are associated with specific membrane
proteins that could serve as viral receptors or co-receptors. These membrane microdomains
can behave as moving platforms, allowing the recruitment of co-receptors after the initial
virus–receptor interaction [13]. Microdomains could thus either stabilize the attachment of
the virus to the cell surface through multiple low affinity interactions between the viral
glycoprotein and lipid headgroups and/or convey the virus to an appropriate co-receptor
by clustering and activating receptor molecules [13]. A prominent example that led to this
hypothesis is human immunodeficiency virus (HIV-1). Principally, the HIV-1 envelope gly-
coprotein binds to CD4, the primary receptor, and then to a co-receptor (CCR5 or CXCR4),
triggering large structural rearrangements of the glycoprotein and initiating membrane
fusion [14]. However, the infection of CD4-negative cell lines have been described, leading
to the identification of galactosylceramide (Galβ1-1′Cer, GalCer) [15–20], globotriaosyl-
ceramide (Gb3) and ganglioside GM3 [13,21–23] as alternate entry (co-)receptors and to
the suggestion that GSL microdomains stabilize HIV-1 attachment to the cell surface and
facilitate co-receptor recruitment [13,24,25].

Other viruses potentially using similar sphingolipid-domain-mediated entry pathways
are influenza A virus (IAV), which binds GalCer [26] and N-acetylneuraminyllactosylceramide
(GM3-NeuAc) [27], norovirus GII.4, which recognizes GalCer [28], rubella virus, which
requires SM and cholesterol [29], and rhinovirus, which requires ceramide-enriched plat-
forms [30–32]. Table 1 provides a summary of viruses reported to utilize sphingolipids for
cell entry.

Direct interaction between a virus and a specific host cell sphingolipid has not been
demonstrated for all of these cases. Some reports only demonstrate the colocalization of
virions with lipid rafts and/or reduced viral attachment when lipid composition is altered
experimentally. However, direct binding is not a necessary requirement for the role of
sphingolipid microdomains in viral uptake—it is also conceivable that the virus receptor is
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a cell surface protein that preferentially localizes within domains and/or that only holds
the conformation required for virus binding within specific lipid domains. An example
is angiotensin-converting enzyme 2 (ACE2), the receptor for severe acute respiratory
syndrome coronavirus (SARS-CoV) and SARS-CoV-2 [33], which is preferentially located
in lipid rafts [34]. Another is CD300lf, a cell surface protein required for murine norovirus
entry [35]; in the absence of serine palmitoyltransferase (and thus de novo sphingolipid
synthesis), CD300lf is still expressed on the cell surface, but the conformation is altered in
such a way that CD300lf is no longer recognized by murine norovirus [36]. In this manner,
sphingolipid metabolism can regulate viral tropism even without affecting the expression
of cell surface receptors.

Table 1. Viruses using sphingolipids for cell attachment.

Virus Receptor/Pathway Reference

ebola virus (EBOV) SM-rich regions [39]

hepatitis C virus (HCV) viral sphingomyelin required for
internalization [40]

human immunodeficiency virus
type I (HIV-1) GalCer, Gb3, GM3, SMS2 [13,15–23,41–43]

human parvovirus B19 (B19V) Gb4Cer [37,38]
influenza A virus (IAV) CalCer [26,27]

measles virus (MV) ASM-dependent CD150 surface
localization [44,45]

murine norovirus serine palmitoyltransferase-dependent
conformation of CD300lf [36]

norovirus GII.4 CalCer [28]
rhinovirus ceramide-enriched platforms [30–32]
rotavirus GA1, GA2, pentaosylceramides [11,12]

rubella virus SM and cholesterol [29]
severe acute respiratory

syndrome coronavirus type 2
(SARS-CoV-2)

ACE2 in lipid rafts [34]

simian virus 40 (SV40) GM1, N-glycolyl GM1 [46,47]

Rather than affecting the conformation of a host receptor protein, the interaction with
sphingolipids can also be crucial for the conformation of viral proteins required for entry.
For example, human parvovirus B19 (B19V) colocalizes with the GSL globotetraosylce-
ramide (Gb4Cer) in lipid rafts [37]. The interaction triggers a conformational change in the
capsid, exposing the N terminus of the capsid structural protein VP1, which is critical for
virus internalization [38]. Rather than resulting in viral uptake directly, however, the major-
ity of initially bound virions actually detach from Gb4Cer, and, due to the conformational
change in VP1, then exhibit superior cell binding capacity and infectivity when added to
uninfected cells [38].

2.2. Viral Penetration and Uncoating

After the initial attachment of the virus, the viral material has to be introduced into
the host cell and the viral genome made accessible. Uncoating is often immediately linked
to the uptake process [48]. Generally, virus uptake can occur through fusion at the plasma
membrane, micropinocytosis or endocytosis. Viruses are not necessarily restricted to one
pathway—for instance, SARS-CoV-2 can enter through plasma membrane fusion, as well
as through endocytosis [33,49,50].

In measles virus (MV) infection, ceramide plays an important role in the intermediate
steps between viral attachment and entry: the binding of MV to its receptor DC-SIGN
(dendritic cell-specific intracellular adhesion molecule-3-grabbing non-integrin, CD209)
causes the rapid activation of neutral sphingomyelinase (NSM) and ASM and the formation
of ceramide-enriched membrane microdomains. This promotes the surface localization
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of CD150 from intracellular storage compartments along with ASM. CD150 clusters with
DC-SIGN and promotes MV fusion with the plasma membrane [44,45].

Ebola virus (EBOV), which enters cells through micropinocytosis, has also been re-
ported to result in ASM recruitment to the site of viral attachment, and ASM activity is
required for EBOV infection [39]. A drug-combination screen identified two drug combi-
nations that effectively blocked EBOV entry, and the drugs in the identified combinations
were inhibitors of Niemann-Pick C1, acid sphingomyelinase and lysosomal calcium re-
lease [51]. EBOV was shown to bind to SM-rich regions in the plasma membrane and the
depletion of SM strongly reduced infection [39]. As DC-SIGN also binds EBOV glycopro-
teins [52], it is possible that both MV and EBOV recruit ASM from the lysosome through a
DC-SIGN-mediated signaling pathway.

In contrast to the MV/CD150 example of ceramide generation leading to the surface
localization of an entry factor, ceramide may also promote receptor internalization: in the
context of hepatitis C virus (HCV) infection, sphingomyelinase treatment results in the
internalization of CD81 [53]. CD81 is an essential post-attachment entry factor for HCV,
and its internalization inhibits infection.

For HIV-1, increasing cellular ceramide levels through the stimulation of de novo
synthesis, the exogenous addition of ceramide or through the enzymatic cleavage of
SM at the plasma membrane rendered cells resistant to infection by blocking membrane
fusion [54]. An increase of ceramide levels in response to fenretinide treatment (N-(4-
hydroxyphenyl)retamide, 4-HPR, synthetic retinoid derivative) did not alter HIV-1 receptor
distribution but led to increased viral binding and endocytotic uptake [55]. Compared to
fusion at the plasma membrane, endocytosis is a less productive method of infection for
HIV-1 due to increased viral degradation [56]. In contrast, IAV exploits the endocytotic
pathway for entry into the cells. Consequently, IAV infection was enhanced by fenretinide
treatment [55].

Membrane rupture is a key entry mechanism for many non-enveloped viruses. Aden-
ovirus lytic protein-VI pierces the membrane, stimulating a calcium-influx and lysosomal
exocytosis. Subsequently, endocytosis occurs to maintain the cell surface area, which
the adenovirus hijacks for cell entry: ASM is activated and re-located to the cell sur-
face in response to the adenovirus, and ASM-knockdown reduces infection, whereas
exogenous ceramide enhances protein-VI binding and membrane rupture [57]. Human
norovirus [58], Neisseria meningitis (intracellular bacteria) [59,60] and Trypanosoma cruzi
(intracellular parasite) [61] similarly commandeer calcium- and ASM-dependent cellular
wound removal processes.

In addition to a role in modulating endocytotic uptake, sphingolipids also play a role
in viral endosomal escape, which is necessary for successful replication in the cytoplasm. In
case of IAV, recognition of the host cell receptor by the viral envelope protein hemagglutinin
(HA) triggers endocytosis. The low pH in the endolysosome triggers conformational
changes in HA, leading to the insertion of the fusion peptide into the host membrane and
formation of a fusion pore [62]. Sphingolipids have been reported to affect the growth
of the fusion pore, with SM, lactosyl cerebroside and glucosyl cerebroside inhibiting full
pore enlargement [63]. In apparent contrast to the enhanced IAV infectivity observed
upon fenretinide-increased ceramide levels, treatment with exogenous sphingomyelinase
impairs IAV infection [64]. However, fenretinide treatment does not simultaneously alter
SM levels [65], indicating that, in the latter study, the inhibitory effect was due to the
consumption of SM rather than the increase of ceramide. In line with this, the addition of
exogenous SM enhances IAV infection [64].

Low pH also triggers the fusion of Semliki Forest virus (SFV) with endosomal mem-
branes. In a model system, low-pH-induced membrane fusion is mediated by sphin-
golipids in the target membrane, with ceramide being the sphingolipid that is minimally
required [66,67]. Similar to the mechanism described for HA, ceramide does not appear
to play a structural role in SVF fusion, but rather acts as a co-factor by inducing the
fusion-active conformation of the viral fusion protein [68].
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Bile acids facilitate the endosomal escape of calciviruses by triggering ceramide for-
mation by ASM. Inhibition of ASM results in the retention of porcine enteric calcivirus,
feline calcivirus and murine norovirus in the endosomes and reduces viral replication [69].
The downstream effects of ceramide generation were not studied further, but as ceramide
is a known activator of cathepsin proteases [70], the authors hint that ceramide generation
may lead to the activation of cathepsin L, which cleaves the calcivirus capsid protein, en-
abling replication [71]. For a human norovirus strain (GII.3), however, blocking cathepsin
activity had no effect on viral replication, whereas ASM inhibition did significantly reduce
replication [58].

The fusion of the viral envelope with the endosomal membrane and nucleocapsid
release does not have to be concomitant steps. Reports with vesicular stomatitis virus
(VSV) and flaviviruses show that these can also occur successively. In these cases, the viral
membrane fuses with intraendosomal vesicles first, releasing the viral nucleocapsid into
their lumen. Subsequently, the back fusion of the intraluminal vesicles with the limiting
outer membrane of late endosomes releases the nucleocapsid into the cytoplasm [72,73].
In contrast, this back-fusion appears to be a cellular mechanism to limit infection with
herpes simplex virus 1 (HSV-1). In this case, acid ceramidase loaded intraluminal vesicles
with sphingosine. The uptake of HSV-1 into multivesicular bodies resulted in binding to
sphingosine-rich intraluminal vesicles, trapping HSV-1 and preventing infection [74].

2.3. Targeting Sphingolipids to Prevent Viral Entry

The interaction between a virus and its lipid (co-)receptor is a potential therapeutic
target. The disruption of GSL synthesis through the inhibition of glucosylceramide syn-
thase (GlcGerS) with 1-phenyl-2-decanoylamino-3-morpholino-propanol (PDMP) reduced
rotavirus infectivity [75]. Anti-GalCer antibody treatment significantly reduces productive
HIV-1 infections in vitro [76], and analogues of GalCer or Gb3 were shown to interfere
with HIV-1 viral entry in the absence of significant toxicity [77–81]. Moreover, the effective
analogs showed co-receptor independent inhibition, as they inhibited CXCR4-, CCR5-
and dual tropic virus variants [77,81] and even the infection of CD4- cells [78]. Similarly,
vaccinia virus (a surrogate of variola virus) was also reported to bind to sulfatide, a natural
GalCer analogue, inhibiting infection [82].

ASM activity results in the release of ceramide on the cell surface in response to
SARS-CoV-2 [83–85]. Functional inhibitors of ASM (FIASMAs), including drugs newly
identified as FIASMAs like ambroxol, inhibit SARS-CoV-2 infection, as did the neutraliza-
tion or consumption of surface ceramide [83–85]. FIASMAs were also shown to inhibit
infection with two circulating IAV strains [84], as well as with Japanese encephalitis virus
(JEV) [86] and EBOV [39]. In light of the current SARS-CoV-2/COVID-19 pandemic, which,
at the time of this review, has already taken 3.5 Mio lives worldwide [87], this has piqued
interest in repurposing FIASMAs as potential drugs against SARS-CoV-2 [83–85,88–91]. A
retrospective cohort study already reported a positive association between chronic FIASMA
administration and reduced mortality in COVID-19 patients [88], and two further retro-
spective studies with the FIASMA and calcium-channel blocker amlodipine also reported
lower mortality rates in patients receiving amlodipine [91,92]. An observational study
noted a reduced risk of intubation and death in patients who received a FIASMA within
48 h of hospitalization [93]. A recent lipid metabolic study noted distinct lipid profiles
in COVID-19 patient serum depending on disease severity and the increases in several
ceramide species belonged to the most discriminant changes [94]. While the pathological
consequence of this is still unclear in the context of COVID-19, it has been suggested that
increased plasma ceramide levels are a risk factor for cardiovascular events [95]. Thus, the
use of FIASMAs may help to mitigate this.

Other sphingolipids may also be useful in controlling SARS-CoV-2 infections. Sph-
ingosine, for example, was shown to prevent the binding of the viral spike protein to
angiotensin-converting enzyme 2 (ACE2) [96]. Ceramidase treatment, which results in the
conversion of ceramide to sphingosine, was shown to prevent SARS-CoV-2 spike-mediated
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entry [85]. Additionally, it may be beneficial in mitigating inflammatory damage, as acid
ceramidase inhalation was previously reported to reduce airway inflammation in a cystic
fibrosis model [97]. For more information on sphingolipids as potential therapeutic targets
for controlling SARS-CoV-2 infection and alleviating COVID-19 symptoms, the reader is
referred to recent reviews on this topic [90,98–102].

3. Viral Gene Expression and Replication

Once inside the cell, the virus particle needs to reach an appropriate site for genome
replication through intracellular trafficking. As mentioned previously, the viral genome
also needs to become accessible for cellular enzymes in a process called uncoating, which
is often linked to endocytotic entry. Then viral gene expression and replication can occur,
and new viral capsids can be assembled.

3.1. Viral Replication and Assembly

In these post-entry steps, sphingolipid-metabolizing enzymes are often reported to be
important mediators. For example, sphingomyelin turnover and glycolipid synthesis play
a role in HSV-1 infection, with inhibition or genetic deficiency for ASM and alterations of
glycosphingolipid synthesis interfering substantially with virus reproduction [103,104]. Ex-
ogenous ceramide or sphingomyelinase treatment also activates HIV expression, inducing
the switch from latent to productive infection [105,106].

Sphingolipid-metabolizing enzymes may affect viral replication through effects on
viral transcription factors: IE1 is a major viral transcriptional transactivator of human
cytomegalovirus (HCMV) [107]. Machesky and colleagues noted increased sphingosine
kinase 1 (SphK1) activity and increases in dihydrosphingosine 1-phosphate (dhS1P) and
ceramide levels in response to HCMV infection. The knockdown of SphK1 diminishes the
accumulation of IE1, and the pharmacological inhibition of SphK1 has antiviral effects,
whereas SphK1 overexpression achieves the reverse [108]. Additionally, another study
reported the inhibition of HCMV replication by sphingomyelinase treatment, but enhanced
replication in response to short-chain ceramides [109].

Rather than affecting viral proteins, sphingolipids may also act on host enzymes.
Viruses frequently co-opt the mammalian target of rapamycin (mTOR) pathway, a central
regulator of gene expression, translation and metabolic processes, in order to support their
own replication [110]. SphK1 and acid ceramidase inhibitors reduce mTORC1 phosphory-
lation through decreased intracellular S1P levels and thus inhibit MV replication without
affecting viral uptake [111].

Viruses can remodel intracellular membranes to form replication sites. Zika virus
(ZIKV), for example, dysregulates the lipid landscape of infected host cells, particularly
with regard to sphingolipids [112]. Ceramide redistributes to the ZIKV replication site and
the disruption of sphingolipid biosynthesis blocks ZIKV infection [112]. Ceramide also
redistributes to West Nile virus (WNV) replication sites and ceramide production via the
de novo and salvage pathways necessary for WNV replication [113]. SM and ceramide
transfer protein (CERT) are required for the biosynthesis of double-membrane vesicles that
serve as HCV replication sites [114]. In contrast, ceramide does not redistribute into the
replication sites of another flavivirus, dengue virus, and the inhibition of ceramide synthase
actually enhanced dengue virus production [113], demonstrating that even viruses from
the same genus can have different sphingolipid-requirements for replication [115].

Sphingolipids can also regulate intracellular transport, both of incoming virions to
their replication site, as well as of new viral products for the assembly of new virions. One
example is the ceramide-mediated trafficking of the M glycoprotein of infectious bronchitis
virus (IBV) [116]. Another example is the surface display of IAV glycoproteins, which is
dependent on sphingomyelin synthase (SMS) and GSL synthesis [117,118]. Sphingolipid-
metabolizing enzymes also regulate IAV nuclear export: IAV activates SphK1, which is
important for the activation of Ran-binding protein 3 (RanBP3), a co-factor in the nuclear
export of the viral ribonucleoprotein complex. Inhibition of SphK1 interferes with nuclear
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export, reduces the synthesis of viral RNAs and proteins and suppresses virus-induced
NFκB activation [119]. SphK1-inhibition also provides protection to IAV-infected mice [120].
Further, the inhibition of de novo ceramide synthesis enhances IAV replication [121], and
exogenous ceramide reduces viral titers [121], further suggesting a role of ceramide and its
downstream products in IAV replication, protein transport and assembly [121].

Finally, viruses may affect sphingolipid metabolism in order to prolong the survival
of infected cells, thus winning more time for the replication and assembly of new virions.
One example is the activation of SphK1 by respiratory syncytial virus, which prolongs
the survival of infected cells [122]. HSV has evolved mechanisms to block apoptosis at
multiple metabolic checkpoints, including ceramide-induced apoptosis [123], and HIV-1 nef
expression results in increased ceramide production in response to TNF-α, yet apoptosis is
actually inhibited and proliferation promoted by this, putatively through Nef interfering
with AP-1 activation [124–126].

3.2. Anti-Viral Properties of Ceramide-Metabolism Inhibitors

A number of compounds are known inhibitors of ceramide metabolism. Myriocin is
a potent inhibitor of serine palmitoyltransferase (SPT) [127] and inhibits HCV [128,129]
and HBV [130] replication. However, it was later suggested that this effect is due to its
structural similarity to sphingosine, rather than its inhibitory effect on SPT [131]. Myriocin
treatment also blocks the surface trafficking of influenza proteins [117] and inhibits WNV
replication [113]. In contrast, myrocin treatment enhances replication of DENV [113],
certain rhinoviruses [132] and enhanced HSV-2 infection [133].

Fumonisin B inhibits ceramide synthase [134] and was reported to inhibit IAV replica-
tion by disturbing HA trafficking [118] and to block HIV-1 infectivity [135,136]. Similar to
myriocin, fumonisin B inhibited WNV replication but enhanced DNV replication [113].

D609 (tricyclo-decane-9-yl-xanthogenate) was first described as an inhibitor of
phsphatidylcholine-specific phospholipase C [137]. Its inhibition of SMS was identified
later [138,139]. The first antiviral reports predate both discoveries and were made in 1984
with HSV-1 and papilloma viruses [140]. Since then, the antiviral properties of D609 were
also described for VSV [141], HIV-1 [142], SV40 [143], RSV [144] and rhinovirus [145].
Mechanistically, D609 inhibits viral protein phosphorylation and replication [141,144,146].
It has, however, not been confirmed so far that this is indeed due to the inhibition of SMS.

Fenretinide, which increases ceramide levels through the stimulation of de novo
synthesis and inhibition of SM synthesis [147], was reported to inhibit DENV [148] and
ZIKV [149,150] replication by blocking the nuclear import of viral proteins [149].

The antiviral effects of ceramide-metabolism modulators are summarized in Table 2
(irrespective of which step in the viral life cycle they inhibit).

Table 2. Antiviral effects of ceramide-metabolism modulators.

Substance Target Molecule (effect) Virus Reference

D609 SMS (−)

HIV-1
Rhinovirus

RSV
SV40
VSV

[142]
[145]
[144]
[143]
[141]

FIASMAs ASM (−)

Adenovirus
EBOV
HIV-1
IAV
JEV
MV

Norovirus
Rhinovirus

SARS-CoV-2

[57]
[39]
[151]
[84]
[86]
[44]

[58,69]
[30]

[83–85,92,93]
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Table 2. Cont.

Substance Target Molecule (effect) Virus Reference

Fenretinide SPT (+)
dihydroceramide desaturase (−)

DEN
HIV-1
ZIKV

[148]
[55]

[149,150]

Fumosin B CerS (−) IAV
WNV

[118]
[113]

GW4869 NSM (−) WNV
ZIKV

[152]
[112,153]

12-HPA CERT (−) HCV [154]

Myriocin SPT (−)

HBV
HCV
IAV

WNV

[130]
[128,129]
[117,118]

[113]

SKI-II SphK (−)
HCMV

IAV
MV

[108]
[120]
[111]

4. Virion Release

Once assembly of the new viral capsids is complete, the next step is the release from
the infected cell. For naked viruses, this occurs through cell lysis. In the case of enveloped
viruses, envelopment, a process in which the capsid becomes surrounded by a lipid bilayer,
has to happen first. This can occur in a coupled mechanism with capsid assembly, or
sequentially, after capsid assembly is completed. Envelopment occurs either at the plasma
membrane, resulting in the direct release of the new virions (budding) or at endosomal
membranes, followed by exocytosis [8].

Not many reports address the role of sphingolipids in lytic viral release. Ceramide
is necessary for the lytic phase of adenovirus infection through the regulation of the
cellular spliceosome [155]. Of note, adenovirus induces increases in ceramide levels [156]
but specifically blocks ceramide-induced apoptosis through the expression of its E1B19K
anti-apoptotic protein [155].

With regard to budding, neutral sphingomyelinase controls the budding of extracellu-
lar vesicles from the plasma membrane [157]. Some viruses seem to exploit this mechanism,
as NSM inhibition suppressed ZIKV [153] and WNV release [152]. On the other hand, the
membrane composition of HIV-1 and murine leukemia virus differs from that of microvesi-
cles released from their host cell, suggesting a different budding mechanism [158].

While the budding of HIV-1 typically occurs at the plasma membrane in produc-
tively infected cells, infected macrophages assemble new virions in subcellular, virus-
containing compartments, from which they can be released in response to extracellular
ATP. Imipramine, a FIASMA, was able to block this release, suggesting a dependency on
ASM [151].

Another example of sphingolipid-mediated viral release from an intracellular com-
partment is HCV. HCV particles form through budding into the ER and pass through the
Golgi [159]. HCV gene expression downregulates protein kinase D (PKD) activation and
thus prevents the inhibition of oxysterol-binding protein (OSBP) and CERT [160]. OSBP
and CERT form a membrane contact site between the ER and the trans Golgi network (TGN)
and transfer ceramide, cholesterols and oxysterols to the TGN, resulting in the microdomain
formation required for HCV secretion [40,160–162]. Treatment with CERT-inhibitor (1R,
3R)-N-(3-hydroxy-1-hydroxymethyl-3-phenylpropyl)dodecanamide (HPA-12) inhibited
HCV replication [154]. This PKD pathway is also important for HSV-1 egress. In HSV-1
infections, however, CERT also appears to modulate viral egress independently of its lipid
transfer properties at a previous stage than the release of virions from the cell [163].

The lipid composition of new virions is not solely a byproduct of the release process
but can also determine infectivity. HCV infectivity, for instance, is abolished almost com-
pletely by the depletion of cholesterol or the hydrolysis of virion-associated sphingomyelin,
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and a significant portion of HCV structural proteins partition into rafts [40]. This suggests
that membrane microdomains on virion membranes are similarly important for the inter-
action of viral glycoproteins with their cellular receptors in viral entry as microdomains
on the cell-to-be-infected. In line with this, the glycoproteins of IAV [164], HIV [165],
MV [166,167], EBOV and Marburg virus [168] have also been associated with membrane
rafts and alterations of HIV-1 lipid composition reduced infectivity [136,169].

Stopping viral spread by preventing the release of new virions is a potential therapeu-
tic strategy. In addition to targeting sphingomyelinases in order to prevent the budding
of virions, sialidase inhibition was described as a means to stop IAV spread: sialidase
cleaves the link between newly formed influenza virions and the cell surface, liberating the
virions from the cell. Synthetic ganglioside analogs inhibit viral sialidase and thus viral
dissemination [170].

5. Viral-Induced Apoptosis and Morbidity

The death of infected cells can be a double-edged sword for both the host and the
virus. Generally, the death of an infected cell in response to virus recognition is considered
beneficial for the host, since it destroys the intracellular niche of the pathogen [171]. As
discussed earlier, many viruses have developed strategies that block cell-death signals in
order to avoid or delay the demise of the host cell, thus gaining more time for replication.
This can even still occur during latent infection: latency associated transcript (LAT) is the
only HSV-1 gene that is abundantly transcribed during latency, and it inhibits apoptosis,
including ceramide-induced apoptosis [172].

Despite usually curbing viral replication, viral-induced cell death can also be detri-
mental for the host depending on the context: apoptosis may promote the release of new
virions from infected cells, enhancing virus dissemination. It may contribute to viral disease
by causing tissue injury and it may blunt the immune response [173]. Examples of how
viral-induced apoptosis contributes to morbidity are encephalomyelitis, due to Sindbis
virus-induced neuronal cell death [174,175]; erythroid aplastic crisis, due to B19V infection
of erythroid progenitor cells [176]; and dementia, due to HIV-1-induced neuronal apopto-
sis [177–179]. In all of these cases, the viral-induced apoptosis involves sphingomyelinase
activation and ceramide generation.

Viral infections have also been suggested to play a role in the development of au-
toimmune diseases through a process called “molecular mimicry”: Antibodies generated
against viruses, e.g., Theiler’s murine encephalomyelitis virus, SFV, IAV, MV and rubella
virus also bind various lipid-like structures, including the myelin component galacto-
cerebroside, which may contribute to myelin destruction [180–184]. On the plus side,
cross-reactive immunity arising from a common host cell-membrane-derived glycolipid
component present in the viral envelopes of different viruses may protect against other
viral infections. For example, SFV infection reduces morbidity from a subsequent Langat
virus infection [185].

6. Viral Immune Evasion and Immune Modulation
6.1. Viral Immune Evasion

Viruses have developed different strategies to escape immune surveillance. Studies
on HIV-1 led to the “Trojan endosome hypothesis”, postulating that retroviruses can
exploit intercellular vesicle traffic for both biogenesis of retroviral particles as well as
for receptor-independent infection [186]. Since the discovery of this low-efficiency but
mechanistically important mode of infection for HIV-1, exosomes produced by hepatitis
B- and E-virus-infected cells have also been shown to contain infectious particles of the
respective virus [187,188]. Importantly, packaging in exosomes provides protection from
antibody neutralization [187,188]. Since sphingomyelinases control the biogenesis of
extracellular vesicles, this evasion process is linked to sphingolipid-metabolism.

Another example is MV-induced immunosuppression, which occurs despite efficient
virus-specific immune activation. MV causes immunosuppression mainly through suppres-



Int. J. Mol. Sci. 2021, 22, 5676 11 of 23

sion of T cells: ceramide generation by ASM and NSM upon contact with MV contributes
to actin cytoskeletal paralysis, resulting in the loss of T cell polarization, adhesion and
motility [189–191].

6.2. Invariant Natural Killer T Cells in Viral Infections

Invariant natural killer T cells (iNKT) couple the rapid activation kinetics of innate
immune cells with the diverse functions of adaptive T cells [192]. Through their rapid and
broad effector functions, including the production of many cytokines and chemokines,
perforin/granzyme release, Fas/FasL-mediated cytotoxicity, activation of other immune
cells and enhancement of CD4+ and CD8+ antigen-specific responses, iNKT cells contribute
to viral clearance [193]. For example, ceramide synthase 2 null mice are susceptible to
lymphocytic choriomeningitis virus (LCMV) due to reduced iNKT cell numbers [194]. In
chronic HIV infection, NKT cells are depleted, and an early loss of NKT cells is associated
with subsequent immune destruction during HIV infection [195].

Rather than a peptide antigen presented on an MHC molecule, iNKT cells express
a highly restricted T cell receptor that recognizes alpha-galactosylceramide (α-GalCer)
and a few other glycolipid antigens presented by CD1d [196]. As viral genomes do not
generate lipid molecules, it is unclear how virus-infected cells activate iNKT cells. One
way that has been reported is through the interaction of iNKT cells with dendritic cells,
which upregulate CD1d expression in response to viral danger signals [197]. Similarly,
sphingolipid pathways were reported to be altered by the HIV-1 infection of dendritic cells,
upregulating α-GalCer expression [198]. Cytokine-mediated activation of iNKT cells may
also occur [199].

Viruses have developed evasion strategies to avoid the activation of iNKT cells. For
instance, HIV-1 Nef and Vpu interfere with CD1d surface expression [198]. Similarly, LCVM
infection also causes a reduction in CD1d expression, whereas vaccinia virus and VSV alter
the intracellular trafficking of CD1d molecules, and HSV-1 alters CD1d recycling [200].
Additionally, direct contact with HSV-1-infected cells alters T cell receptor signaling in the
iNKT cells downstream of ZAP70 [201].

6.3. Potential Clinical Applications of α-GalCer

iNKT activation by α-GalCer promotes the development of long-term protective immu-
nity by increasing the fitness of central memory CD8+ T cells [202]. This rationale underlies
a plethora of studies investigating the use of α-GalCer as a vaccine adjuvant. So far, α-
GalCer has been tested as an adjuvant for human papillomavirus (HPV) [203], IAV [204–213],
HSV-2 [214,215], HIV-1 [216,217] and human metapneumovirus [218] vaccines.

α-GalCer is also being investigated as a so-called “B cell vaccine”: α-GalCer-loaded,
antigen-expressing B cells could be an alternative to dendritic cells in immunotherapy by
stimulating antigen-specific T cells and B cells [219,220].

In a transgenic mouse model of chronic hepatitis B infection, α-GalCer could abolish
hepatitis B virus (HBV) replication [221] and overcome tolerance to HBV antigens [222].
α-GalCer has already been tested as a monotherapy for interferon-refractory chronic
hepatitis C. While treatment was safe and showed moderate immunomodulatory effects,
the administered doses had no significant effect on HCV RNA levels [221].

The activation of iNKT cells with α-GalCer during influenza infection ameliorated
morbidity in a mouse model through enhanced early innate immune response and reduced
viral titers [223]. Furthermore, it could limit bacterial superinfection post influenza [224].
In coxsackievirus b3-infected mice, α-GalCer treatment reduced myocarditis but increased
liver pathogenesis [225,226]. In encephalomyocarditis virus (EMCV-D)-infected mice,
α-GalCer protected against encephalitis, myocarditis and diabetes [227].

α-GalCer also elicits antiviral effect against HBV and HCV through induction of the
2′,5′ oligoadenylate synthase gene family and the secretion of beta interferon [228].
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7. Conclusions

Ceramide and its related molecules contribute to all stages of the viral life cycle.
Figure 3 summarizes this for three different viruses, which also serve as an example for the
diversity of viral replication (Figure 3).

Figure 3. Role of sphingolipids in ebola-, influenza- and Zika virus replication. The life cycles of ebola virus (EBOV),
influenza A virus (IAV) and Zika virus (ZIKV) show some of the diversity of viral replication and summarize key steps
in which sphingolipids play a role in the viral life cycle. Supporting roles, i.e., the virus using sphingolipid-domains for
cell entry or the formation of replication sites, are highlighted in green. Inhibitory roles are marked in red. ASM: acid
sphingomyelinase, NSM: natural sphingomyelinase, SM: sphingomyelin, SphK1: sphingosine 1-kinase.

Targeting sphingolipid-metabolizing enzymes offers interesting new opportunities for
antiviral therapies. Inhibitors of ceramide metabolism like fenretinide, PDMP, myriocin,
Fumosin B, 12-HPA and FIASMAs have been reported to have antiviral properties against
a multitude of different viruses (Table 2). Future work should focus on further defining
the involvement of sphingolipids in viral entry, replication and release with the hope of
identifying new antiviral therapeutic targets. Of particular current interest in light of the
SARS-CoV-2/COVID-19 pandemic is the repurposing of FIASMAs for the inhibition of
SARS-CoV-2 entry [83,84,88–93]. The long-standing clinical experience with these drugs
and their favorable pharmacological properties, including good absorption, distribution,
metabolism and excretion, lack of habituation, reversible inhibition and lack of rebound
effects [229] make them ideal candidates for a swift indication expansion to manage
SARS-COV-2 infection/COVID-19. They may also provide an economic treatment option,
particularly in countries that struggle with financing the vaccination program and where
SARS-COV-2 will likely become endemic [230].

Beyond SARS-CoV-2, sphingomyelinase inhibitors have the potential to inhibit viral
entry and dissemination in a broader range of viruses (summarized in Tables 2 and 3).
Additionally, α-GalCer harbors great potential as an adjuvant and immune modulator in
viral infections [203–221,223–227]. Future studies will have to carefully consider the effect
of sphingolipid modulation for the respective virus studied, however, as even the same
agent can have opposing biological effects for different viruses [55,64].
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Table 3. Effects of sphingomyelinase inhibitors on different viruses.

Virus Inhibitor (Target Molecule) Effect Reference

adenovirus Fluoxetine, Amitriptyline (ASM) block endosomal escape [57]
EBOV Imipramine, Desipramine (ASM) prevent entry [39]
HIV-1 Imipramine (ASM) decreases release [151]

GW4869 (NSM) protects from neuronal
cell death [231]

IAV Fluoxetine, Amiodarone,
Imipramine (ASM) reduce viral titers [84]

Desipramine (ASM)) no effect [64]
JEV Amitriptyline (ASM) reduces infection [86]

MV GW4869 (NSM), Amitriptyline
(ASM)

mitigate T cell
suppression [191]

Amitriptyline (ASM) inhibits uptake [44]

norovirus
AY9944, Fluoxetine, Desipramine,
Chlorpromazine, Amitriptyline

(ASM)
reduce viral titers [58,69]

Desipramine blocks endosomal escape [69]
GW4869 (NSM) no effect [58]

rhinovirus Amitriptyline, Imipramine (ASM) inhibit uptake [30]

SARS-CoV-2 Amitriptyline (ASM), Ambroxol
(ASM) prevent entry [83,85]

Fluoxetine, Amiodarone,
Imipramine (ASM) reduce viral titers [84]

Amlodipine (ASM) reduces mortality [88,92]

Fluoxetine (ASM) lowers risk of intubation
and reduces mortality [93]

WNV GW4869 (NSM) decreases release [152]

ZIKV GW4869 (NSM) decreases production and
shedding [112,153]
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Abbreviations

Viruses
B19V human parvovirus B19
EBOV ebola virus
EMCV-D encephalomyocarditis virus
HBV hepatitis B virus
HCMV human cytomegalovirus
HCV hepatitis C virus
HIV-1 human immunodeficiency virus type 1
HPV human papillomavirus
HSV-1 herpes simplex virus 1
HSV-2 herpes simplex virus 2
IAV influenza A virus
IBV infectious bronchitis virus
JEV Japanese encephalitis virus
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LCMV lymphocytic choriomeningitis virus
MV measles virus
SARS-CoV severe acute respiratory syndrome corona virus
SFV Semliki Forest virus
SV40 simian virus 40
VSV vesicular stomatitis virus
WNV West Nile virus
ZIKV Zika virus
Sphingolipids and sphingolipid-
metabolizing enzymes
α-CalCer α-galactosylceramide
ASM acid sphingomyelinase
CERT ceramide transport protein
dhS1P dihydrosphingosine 1-phosphate
FIASMA functional inhibitor of acid sphingomyelinase
GalCer galactosylceramide
Gb3 globotriaosylceramide
Gb4Cer globoside/globotetraosylceramide
GlcCerS glucosylceramide synthase
GM3-NeuAc N-acetylneuraminyllactosylceramide
GSL glycosphingolipids
NSM neutral sphingomyelinase
SM sphingomyelin
SMS2 sphingomyelin synthase 2
SphK1 sphingosine kinase 1
SPT serine palmitoyltransferase
Other
ACE2 angiotensin converting enzyme 2
COVID-19 corona virus disease 2019

DC-SIGN
dendritic cell-specific intracellular adhesion molecule-3-grabbing
non-integrin

HA hemagluttinin
iNKT invariant natural killer T cell
mTOR mammalian target of rapamycin
OSBP oxysterol-binding protein
PKD protein kinase D
RanBP3 Ran-binding protein 3
TGN trans golgi network
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