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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 (phosphorylation, glycosylation) and breakdown regulates accumulation of sphingolipid species and thereby
the sphingolipid pool at rheostat conditions, and this can undergo substantial changes in response to metabolic and
external challenges. This has been excellently reviewedand will therefore just be briefly re-iterated below.
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| 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 (phosphorylation, glycosylation) and breakdown regulates accumulation of sphingolipid species and thereby
the sphingolipid pool at rheostat conditions, and this can undergo substantial changes in response to metabolic and
external challenges. This has been excellently reviewed RIS 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 BEISIZ, |n addition to structurally
supporting the interaction of receptors with their membrane proximal signalosome components, certain SL species
(especially ceramides, ceramide-1-phosphate, sphingosine and sphingosine 1-phosphate) act as highly potent signaling
molecules themselves, regulating, for instance, cellular apoptosis and autophagy, or activation and survival, respectively
(LEAEBIENMOALIAZ] 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 2
[L3][14][15][26]

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 LALEILN0N21]122] \ass 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 regulation 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 2324112511261y thjs 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 serine palmitoyl-transferase (SPT) catalyzed
condensation of the activated C 16 fatty acid palmitoyl-CoA and the amino acid | -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 . 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 ceramide 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 I-serine. The product of this reaction, 3-
ketosphinganine (3KS), is further NADPH-dependently reduced to sphinganine (SphA) by 3-ketosphinganine reductase
(BKSR). 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 24. 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 24,

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 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 BUBLE2E3] 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
(13134] - 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 &
381y 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 ) [B8137],

| 3. Sphingolipid Targets in Viral Life Cycles

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.

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 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 B8, 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 B2 as previously also
suggested for hepatitis B #%. 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 “142]43],

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 4443l 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 [48]
(471, 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
guantitative 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 “2l48] ynderlying
mechanisms described in this and earlier highly elegant studies included acquisition of membrane curvature 4959 |ipid-
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.

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 5 and SM was found to be important in IAV infection both at the viral particle and the host cell level
521 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 531541,



| 4. Outlook and Perspectives

Drug repurposing has already revealed the potential but also limitations of SL pathway 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 phosphorylation 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 glycoproteins available for interaction), and secondly, it
enhanced the activity of SAMHDL1, a cellular restriction factor, and thereby, levels of total and integrated HIV 52, 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 immunopathology and promoting viral
persistence 28, 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 BABEISA  Cytokine storm and
hyperinflammation 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 9. 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 27611,
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 | interferon production in influenza virus infection €2,

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 31641631661 vsira| infections are known to affect generation
and content of EVs, and thereby mediate transfer of both viral and host cell proteins or nucleic acids 4. 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) 8], 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.
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