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Sphingosine has been shown to prevent and eliminate bacte-
rial infections of the respiratory tract, but it is unknownwhether
sphingosine can be also employed to prevent viral infections. To
test this hypothesis, we analyzed whether sphingosine regulates
the infection of cultured and freshly isolated ex vivo human epi-
thelial cells with pseudoviral particles expressing SARS–CoV-2
spike (pp-VSV–SARS–CoV-2 spike) that served as a bona fide
system mimicking SARS–CoV-2 infection. We demonstrate
that exogenously applied sphingosine suspended in 0.9% NaCl
prevents cellular infection with pp-SARS–CoV-2 spike. Pre-
treatment of cultured Vero epithelial cells or freshly isolated
human nasal epithelial cells with low concentrations of sphingo-
sine prevented adhesion of and infection with pp-VSV–SARS–
CoV-2 spike. Mechanistically, we demonstrate that sphingosine
binds to ACE2, the cellular receptor of SARS–CoV-2, and pre-
vents the interaction of the receptor-binding domain of the viral
spike protein with ACE2. These data indicate that sphingosine
prevents at least some viral infections by interfering with the
interaction of the virus with its receptor. Our data also suggest
that further preclinical and finally clinical examination of
sphingosine is warranted for potential use as a prophylactic or
early treatment for coronavirus disease-19.

Infections with a novel member of the Coronaviridae family,
named severe acute respiratory syndrome coronavirus-2
(SARS–CoV-2), are a serious global health problem and are re-
sponsible for the coronavirus disease 2019 (COVID-19) pan-
demic. Many details of the infection with SARS–CoV-2 remain
to be defined, but it is now clear that a substantial number of
patients develop severe symptoms and pneumonia upon infec-
tion, eventually requiring intensive care and ventilator treat-
ment with a high mortality rate (1). COVID-19 seems to be a
high risk for certain groups of individuals, for instance the el-
derly, those with high blood pressure, and those who are over-
weight, but even healthy and young individuals develop severe
disease (2). It is therefore of outstanding interest to develop a

prophylactic treatment to prevent SARS–CoV-2 infections or
to prevent at least a severe course of the disease after diagnosis.
SARS–CoV-2 infects cells by the initial interaction of the

surface unit S1 of the viral spike glycoprotein with its cellular
receptor angiotensin-converting enzyme 2 (ACE2) (3–6). The
interaction of the two proteins allows viral entry and cellular
infection. Studies employing antibodies and mutations of the
S1 protein proved that abrogating the interaction between the
S1 unit of the viral spike protein and ACE2 prevents infection
with SARS–CoV-2 (3, 7).
Previous studies have used replication-deficient vesicular

stomatitis virus (VSV) pseudoviral particles (pp-VSV) present-
ing coronavirus spike protein on their surface, abbreviated pp-
VSV–SARS–CoV-2 spike (3). The studies showed that these
particles accurately reflect key aspects of the entry of coronavi-
rus into host cells (3); in particular they bind to ACE2 for infec-
tious entry, which was inhibited by anti-ACE2 antibodies.
Thus, this system allows a safe and easy method to study princi-
ple biomedical questions of SARS–CoV-2 infections. We used
VSV pseudoviral particles carrying the spike protein of SARS-2
on their surface and recombinant proteins of spike and ACE2
to test whether sphingosine has an impact on the infection of
human epithelial cells with SARS–CoV-2.
Sphingolipids localize into cellular membranes. They deter-

mine biophysical membrane properties and are involved in
diverse cellular processes, including proliferation, cellular dif-
ferentiation, apoptosis, signal transduction, and membrane
trafficking (8–10).We and others have shown that ceramide of-
ten promotes bacterial and viral infections, for instance by
mediating bacterial or viral adhesion and internalization (11–
17). In contrast, sphingosine (2-amino-4-trans-octadecene-1,3-
diol), which is released from ceramide by the activity of neutral,
acid, or alkaline ceramidases (18), kills many bacterial patho-
gens and is an important component of the defense against
bacterial pathogens in the respiratory tract (15, 19–24). We
also showed an antiviral function of endogenous sphingosine,
which traps viruses in endosomes and thereby shuttles them to
lysosomal degradation (25). However, it is presently unknown
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whether exogenous sphingosine could be also exploited as an
antiviral compound.
The studies reported here examined whether exogenously

applied sphingosine prevents pp-SARS–CoV-2 spike infection
of epithelial cells.We found that treatment of Vero epithelial or
freshly isolated human nasal epithelial cells with sphingosine
prevents infection with pp-VSV-SARS-CoV-2 spike. Sphingo-
sine binds to ACE2, the cellular receptor for SARS–CoV-2, and
blocks the interaction of the viral spike protein with ACE2.
Sphingosine had no adverse effects on the epithelial cells. A
panel of other lipids was without effect on infection of cells
with pp-VSV-SARS-CoV-2 spike and the interaction of ACE2
with the viral spike protein. Thus, sphingosine might be a novel
drug for preventing and treating infections with SARS–CoV-2
in the respiratory tract.

Results

Exogenous sphingosine prevents infection of epithelial cells
with pp-VSV–SARS–CoV-2

To investigate whether exogenous sphingosine prevents the
infection of epithelial cells with SARS–CoV-2, we treated Vero
epithelial cells with 0.25–5 mM sphingosine for 30 min and
then infected the cells with pp-VSV–SARS–CoV-2 spike. The
results show that sphingosine dose-dependently prevented the
infection with pp-VSV–SARS–CoV-2 spike (Fig. 1A). Already
concentrations of 1 mM sphingosine reduced the infection of
Vero epithelial cells with pp-VSV-SARS-CoV-2 spike by more
than 90% (Fig. 1A). As specificity controls, we tested several
other lipids, i.e. phosphatidylcholine, phosphatidylserine, phos-
phatidylethanolamine, sphingomyelin, C16-ceramide, sphingo-
sine 1-phosphate, lactosyl-ceramide, cardiolipin, and octylglu-
copyranoside. None of them inhibited the infection of Vero
cells with pp-VSV–SARS–CoV-2 spike (Fig. 1B).
Sphingosine at concentrations of 0.25–5 mM was without

adverse effects on cultured Vero epithelial cells (Fig. 1, C and
D). Next, we tested whether exogenous sphingosine also pre-
vented infection of freshly isolated human nasal epithelial cells
with pp-VSV-SARS-CoV-2 spike. The studies revealed that 1
or 2 mM sphingosine also prevented infection of freshly isolated
human nasal epithelial cells (Fig. 2, A and B). Sphingosine had
no toxic effects on nasal epithelial cells (Fig. 2,C andD).

Exogenous sphingosine binds to ACE2 and blocks the
interaction of the viral spike protein with ACE2

Sphingosine is a small lipid that is positively charged at neu-
tral or slightly acidic pH. The pH on nasal, tracheal, or bron-
chial epithelial cell surfaces is slightly acidic (26), and thus,
sphingosine will be positively charged when acting on these
surfaces. The binding domain of the spike protein contains
many positively charged amino acids that bind to negatively
charged amino acids in the binding pocket of the ACE2 recep-
tor, but also hydrophobic interactions between the receptor-
binding domain of the viral spike protein and ACE2 are
required for viral binding (5). Thus, we speculated that sphin-
gosine, which is an amphiphilic molecule that is positively
charged, may bind to ACE2 and prevent the interaction of the
spike protein with ACE2, thereby blocking infection. We tested

this hypothesis by incubation of sphingosine immobilized to
agarose with recombinant ACE2 protein or lysates from Vero
cells and determined by Western blotting whether ACE2
directly binds to sphingosine. The results confirmed the hy-
pothesis and showed binding of cellular or recombinant ACE2
to sphingosine beads (Fig. 3A), whereas we did not detect a
binding of the recombinant receptor-binding domain (RBD) of
spike to sphingosine beads (not shown). The addition of soluble
sphingosine prevented binding of ACE2 to immobilized sphin-
gosine, supporting the notion of a specific interaction between
ACE2 and sphingosine (Fig. 3A). Likewise, incubation of immo-
bilized recombinant ACE2 protein with sphingosine revealed a
binding of sphingosine to ACE2 (Fig. 3B).
We also tested the binding of ACE2 to agarose beads coupled

to sphingosine, phosphatidylcholine, phosphatidylethanolamine,

Figure 1. Exogenous sphingosine prevents infection of Vero cells with
pp-VSV–SARS–CoV-2. A, Vero cells were treated with 0.25–5 mM sphingo-
sine or left untreated for 30min and infected with pp-VSV–SARS–CoV-2 spike
for 1 h, and infection was quantified after 24 h. Displayed are the means6 S.
D. of the percentage of infected cells from eight independent experiments.
***, p , 0.001, ANOVA followed by post hoc Student’s t tests. B, a panel of
other lipids added to the cells at each 5 mM concentration for 30 min did not
change infection with pp-VSV–SARS–CoV-2 spike. Given are the means 6 S.
D. of the percentage of infected cells from six independent experiments. ***,
p , 0.001 compared with sphingosine, ANOVA followed by post hoc Stu-
dent’s t tests. C and D, adverse effects of sphingosine on Vero cells were
assessed by FITC–annexin V (C) and TUNEL (D). TUNEL and annexin V staining
was analyzed by flow cytometry. DNase-treated cells served as positive con-
trols for TUNEL assays. Permeabilized cells served as positive controls for the
FITC–annexin V staining. Shown are the means 6 S.D. (n = 5) of the fluores-
cence (in arbitrary units, a.u.) of the flow cytometry studies.
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sphingomyelin, ceramide, sphingosine 1-phosphate, or cardio-
lipin. Control beads were not coupled to any lipid. The results
show that only sphingosine-coupled beads bound recombinant
ACE2 (Fig. 3C).
Next, we tested whether sphingosine interferes with the bind-

ing of viral spike protein with ACE2. To this end, immobilized
recombinant Fc-ACE2 was incubated with 2 mM sphingosine or
left untreated and washed, and then the recombinant receptor-
binding domain of spike S1 was added. Preincubation of ACE2
with sphingosine reduced binding of the recombinant RBD of
spike S1 to ACE2 (Fig. 3D). Controls show that several other lip-
ids such as phosphatidylcholine, phosphatidylserine, sphingomy-
elin, C16-ceramide, sphingosine 1-phosphate, and cardiolipin did
not affect binding of recombinant receptor-binding domain of
spike S1 to immobilized recombinant ACE2 (Fig. 3E).

We then immobilized a recombinant protein of the receptor-
binding domain of the viral spike protein (His-tagged) on
Ni21–agarose and added recombinant Fc-ACE2 in the pres-
ence or absence of 2 mM sphingosine. The results show that
sphingosine abolished the interaction of the receptor-binding
domain of spike protein with ACE2 (Fig. 3F). A panel of other
lipids, i.e. phosphatidylcholine, phosphatidylserine, phosphati-
dylethanolamine, sphingomyelin, C16-ceramide, sphingosine
1-phosphate, lactosylceramide, cardiolipin, or octylglucopyra-
noside did not affect the interaction of immobilized recombi-
nant spike protein with ACE2 (Fig. 3G).
Next, we tested whether sphingosine also interferes with the

binding of pp-VSV-SARS-CoV-2 spike to recombinant ACE2.
The studies revealed that 1 or 2 mM sphingosine abrogated
binding of intact pp-VSV-SARS-CoV-2 spike to immobilized
recombinant ACE2, resulting in effective pseudoinfection of
Vero cells with the remaining pp-VSV-SARS-CoV-2 spike par-
ticles (Fig. 4A).
Finally, we performed adhesion studies of pp-VSV-SARS-

CoV-2 spike on Vero cells in the presence or absence of sphin-
gosine: We infected Vero cells with pp-VSV-SARS-CoV-2
spike for 20 min in the presence or absence of sphingosine,
phosphatidylcholine sphingomyelin, C16-ceramide, sphingo-
sine 1-phosphate, lactosyl-ceramide, or cardiolipin; stained
with anti-spike S1 antibodies; and determined binding of the vi-
rus to the cells by flow cytometry. The results (Fig. 4B) show
that sphingosine prevented binding of pp-VSV-SARS-CoV-2
spike to the cell surface, whereas none of the other lipids had an
effect on the interaction of the virus with the cells.

Discussion

Our results demonstrate that exogenous sphingosine pre-
vents infection of cultured epithelial cells and, most impor-
tantly, also freshly isolated human nasal epithelial cells with pp-
VSV-SARS-CoV-2 spike. Sphingosine inhibited infection of
epithelial cells already at concentrations as low as 0.25 mM, and
an almost complete inhibition of infection was achieved with 2
mM sphingosine. Sphingosine had no side or toxic effects on
human nasal epithelial cells or cultured Vero cells at these con-
centrations. In a series of biochemical and cellular studies, we
demonstrate that the binding of recombinant ACE2 to viral
spike protein and the adhesion of virus to cells is abrogated by
coincubation with sphingosine already at low concentrations.
Sphingosine specifically interacted with ACE2, whereas we did
not detect binding of sphingosine to the receptor-binding do-
main of the viral spike protein.
At present it is unknown how sphingosine prevents binding

of spike to ACE2. It might be possible that the amphiphilic
sphingosine molecule binds to polar and hydrophobic amino
acids in the pocket of ACE2 that interact with the receptor-
binding domain of the viral spike protein (5), but further,
detailed structural studies are required to clarify the details of
the interaction of sphingosine with ACE2.
Although our data based on cellular systems and recombi-

nant proteins strongly suggest that sphingosine directly acts on
ACE2 to prevent binding of spike, our data do not prove that
sphingosine directly interacts with the ACE2 domain that

Figure 2. Treatment of freshly isolated nasal epithelial cells with sphin-
gosine prevents infection with pp-VSV–SARS-spike without adverse
effects on the cells. A and B, nasal epithelial cells were freshly isolated from
volunteers using a small brush and treated with 0.25–2 mM sphingosine or
left untreated for 30 min, infected with pp-VSV–SARS–CoV-2 for 1 h, and
washed. Infected cells were quantified after 24 h. Displayed are the means6
S.D. of infected cells from six independent experiments (A) and a representa-
tive fluorescence microscopy study from infected cells pretreated with 2 mM

sphingosine or left untreated (n = 6) (B). Infection of cells is indicated by
intense, homogenous green fluorescence in these cells caused by the expres-
sion of eGFP (B). *, p, 0.05; ***, p, 0.001, ANOVA followed by post hoc Stu-
dent’s t tests. C and D, adverse effects of sphingosine on nasal epithelial cells
were assessed by FITC–annexin V (C) and TUNEL staining (D) as above. Shown
are the means 6 S.D. of the fluorescence in flow cytometry studies (n = 5).
***, p, 0.001, ANOVA followed by post hoc Student’s t tests. The results are
presented in arbitrary units (a.u.).
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interacts with the receptor-binding domain of spike. It is also
possible that sphingosine interacts with other domains of
ACE2 outside of the interaction site between ACE2 and the
spike protein. The interaction of sphingosine with ACE2 might

Figure 4. Sphingosine binds to ACE2 and prevents binding of pp-VSV–
SARS–CoV-2 spike. A, recombinant (rec.) Fc-ACE2 protein was immobilized
(imm.) on protein A/G–agarose, washed, incubated with 1 or 2 mM sphingo-
sine (SPH) or left untreated, washed to remove unbound sphingosine, and
incubated with pp-VSV–SARS–CoV-2 spike. Protein A/G–agarose without
recombinant Fc-ACE2 served as control. The samples were pelleted, the
supernatants containing unbound virus were collected, and Vero cells were
infected with the supernatants for 24 h. The results show that pp-VSV–SARS–
CoV-2 was bound to recombinant Fc-ACE2, which was prevented by sphin-
gosine. Displayed are the means 6 S.D. of the percentage of infected cells
from eight independent experiments. ***, p , 0.001, ANOVA followed by
post hoc Student’s t tests. B, Vero cells were incubated for 30min with each 2
mM sphingosine, phosphatidylcholine, sphingomyelin, C16-ceramide, sphin-
gosine 1-phosphate, lactosylceramide, or cardiolipin or were left untreated
and washed, and pp-VSV–SARS–CoV-2 spike was added, and the lipids were
reconstituted to the same concentration as before. The cells were incubated
for 20 min. The cells were then removed from the plate, stained with FITC-
coupled anti-spike antibodies, and analyzed by flow cytometry. Shown is a
representative result from four independent experiments and the quantita-
tive analysis of the fluorescence intensity. ***, p, 0.001, ANOVA followed by
post hoc Student’s t tests. Fluorescence is given in arbitrary units (a.u.).

Figure 3. Sphingosine binds to ACE2 and thereby blocks the interaction
of ACE2 with the viral spike protein. A, sphingosine (SPH)-coated beads or
control (Ctr) beads were incubated with recombinant (rec.) Fc-ACE2 protein
(left panel) or with lysates obtained from Vero cells (right panel), extensively
washed, and eluted in 13 SDS sample buffer. As indicated, suspended sphin-
gosine (SPH) was added (2 mM) to prevent binding of ACE2 to immobilized
sphingosine. The samples were separated by 7.5% SDS-PAGE electrophoresis
and blotted with anti-ACE2 antibodies. The Fc-ACE2 protein has a molecular
mass of;180 kDa, and the endogenous ACE2 protein has a molecular mass
of;120 kDa. Shown are representative results from five independent experi-
ments. B, recombinant Fc-ACE2 protein was immobilized on protein A/G–
agarose, washed, and incubated with 2 mM sphingosine. Controls consisted
of protein A/G–agarose only, incubated with 2 mM sphingosine. The samples
were washed and extracted in CHCl3:CH3OH:1N HCl (100:100:1, v/v/v), and
sphingosine was quantified employing a kinase assay. Given are the means6
S.D. of the sphingosine concentrations from six independent experiments.
***, p , 0.001, ANOVA followed by post hoc Student’s t tests. C, a panel of
lipid-coated beads was used to test for the specificity of ACE2-binding to
sphingosine-coupled beads. The samples were prepared as above. Shown is a
representative result from four independent experiments. D, recombinant Fc-
ACE2 protein was immobilized on protein A/G–agarose, washed, incubated
with 2 mM sphingosine or left untreated, washed again, and incubated with
the recombinant receptor-binding domain of the spike protein. The samples
were washed extensively, eluted, separated by 7.5% SDS-PAGE electrophore-
sis, blotted, and developed with anti-spike antibodies. The recombinant re-
ceptor-binding domain of the spike protein is His-tagged and has amolecular
mass of;27 kDa. Protein A/G–agarose beads without Fc-ACE2 served as con-
trol. Shown are representative results from five independent experiments. E, a
variety of other lipids were added as indicated to immobilized recombinant
human Fc-ACE2. The effects of these lipids on binding of recombinant recep-
tor-binding domain of the spike protein were determined by Western blot-
ting. Shown is a representative result from four independent studies. F,
recombinant His-tagged RBD of spike was immobilized on Ni21–agarose,
washed, incubated with 2 mM sphingosine, or left untreated. Recombinant
human Fc-ACE2 was added, and the samples were incubated for 60 min.
Beads without the addition of RBD spike served as control. The samples were
washed extensively, eluted, separated by 7.5% SDS-PAGE electrophoresis,
blotted, and developed with anti-ACE2 antibodies. Shown are representative

results from five independent experiments. G, a variety of other lipids were
added as indicated to immobilized recombinant RBD–spike protein. The
effects of these lipids on binding of recombinant human Fc-ACE2 were deter-
mined by Western blotting. Shown is a representative result from four inde-
pendent studies. PC, phosphatidylcholine; PE, phosphatidylethanolamine;
SM, sphingomyelin; CER, ceramide; S1P, sphingosine 1-phosphate; Clp, cardio-
lipin; PS, phosphatidylserine; C16-CER, C16-ceramide; LC, lactosylceramide;
OGP, octylglucopyranoside.

EDITORS' PICK: Sphingosine binds to ACE2

J. Biol. Chem. (2020) 295(45) 15174–15182 15177



result in a conformational change of the spike-binding domain
within ACE2, thereby preventing binding of viral spike protein.
Sphingosine has been previously shown to kill bacterial

pathogens at concentrations between 0.5 and 10 mM (15, 19–
24). Mechanistically, it was demonstrated that the positively
charged sphingosine interacts with negatively charged large lip-
ids such as cardiolipin in bacterial membranes, clusters these
lipids to large and rigidmembranes, and thereby induces a leak-
iness of the bacterial membrane (27). Here, using recombinant
proteins, we demonstrate that sphingosine directly interacts
with cellular receptors such as ACE2 and thereby prevents
interaction of the viral spike protein with its receptor excluding
an indirect effect of sphingosine on ACE2 via membrane lipids.
However, in vivo it might be possible that sphingosine also
interacts with other lipids in the cell membrane, which may
influence the distribution and conformation of ACE2, and this
effect might contribute to the sphingosine-mediated inhibition
of spike binding to ACE2.
We have previously shown that endogenous sphingosine also

has an antiviral function (25). These studies revealed that sphingo-
sine binds to herpes simplex virus and thereby traps the virus
within endosomes, allowing the cell to degrade the virus particle
within lysosomes upon fusion of endo- and lysosomes. Whether
endogenous sphingosine plays a role in the cellular defense against
SARS–CoV-2 remains to be determined, but it is possible that
exogenous sphingosine also binds to complete SARS–CoV-2 and
thereby targets the virus to lysosomal degradation, in addition
to blocking the interaction of the virus with its receptor. Thus,
sphingosine may have a dual function in the defense against
SARS–CoV-2 acting onACE2 and possibly also SARS–CoV-2.
Previous studies applying sphingosine to the airways of mice

and minipigs via inhalation of aerosolized sphingosine demon-
strated that even high concentrations of sphingosine do not
induce any cell death or any other toxicity in airway epithelial
cells (21, 22, 24, 28). We also did not observe a proinflammatory
effect of sphingosine inhalation or nasal application, which could
be induced by phosphorylation of exogenous sphingosine into
sphingosine 1-phosphate and subsequent chemotaxis of immune
cells. Further, even high concentrations of sphingosine applied to
the epithelial cells upon coating of endotracheal tubes with sphin-
gosine did not result in any measurable damage of epithelial cells
or disruption of the integrity of the epithelial cell layer (24). These
studies suggest that intranasal application of sphingosine or inha-
lation of sphingosine into the lower airways should be safe.
Our data demonstrate that application of exogenous sphin-

gosine prevents infection with pp-VSV-SARS-CoV-2 spike.
These particles represent a bona fide system to study early
events that mediate cellular infection with SARS–CoV-2. Thus,
our data suggest that a nasal spray of sphingosine or application
of aerosolized sphingosine might be a novel approach to pre-
vent or treat infection with SARS–CoV-2.

Materials and methods

Pseudoviral particles

Pseudotyped viral particles were based on a replication-de-
ficient vesicular stomatitis virus as previously described (29).
The particles encode for enhanced GFP (eGFP) and firefly lu-

ciferase instead of parental VSV-G. VSV*DG-FLuc was kindly
provided by Dr. Gert Zimmer (Institute of Virology and Im-
munology, Mittelhäusern, Switzerland) (30). HEK-293T cells
were transiently transfected for 24 h using the calcium-phos-
phate method to express either SARS-2–Spike or VSV-G.
The cells were then inoculated with VSV-G–transcomple-
mented VSV*DG-FLuc for 1 h at 37 °C and 5% CO2. The inoc-
ulum was then removed, and the cells were washed with PBS
and cultured in fresh medium at 37 °C and 5% CO2 for 16 h.
In case of SARS-2–Spike–expressing cells, the culture medium
was supplemented with anti–VSV-G antibody (I1, mouse hy-
bridoma supernatant from CRL-2700; ATCC) to inactivate
residual VSV-G–transcomplemented VSV*DG-FLuc. Culture
supernatants were finally harvested, and cellular debris was pel-
leted by centrifugation (4,000 3 g, 4 °C, 10 min). The clarified
supernatants, containing pp-VSV–SARS–CoV-2 spike, were
used for the experiments.

Sphingosine and other lipids

Sphingosine was suspended in 0.9% NaCl and sonicated in a
bath sonicator (Bandelin Sonorex) until we obtained a homoge-
nous suspension. Sphingosine was stored at220 °C, thawed, and
bath-sonicated for 10min prior to any experiment. The same vol-
ume of 0.9% NaCl as used for the sphingosine-treated samples
was added to all control samples. The other lipids were also pre-
pared as suspension in 0.9%NaCl and sonicated prior to use.

Infection of human epithelial cells

Human nasal epithelial cells were obtained from healthy vol-
unteers by nasal brushings with a small brush. The cells were
suspended immediately in HEPES/saline (H/S; 132 mM NaCl,
20 mM HEPES, pH 7.4, 5 mM KCl, 1 mM CaCl2, 0.7 mM MgCl2,
0.8 mM MgSO4), washed once, and resuspended in H/S. The
cells were treated with 0.25, 0.5, 1, 2, or 5 mM sphingosine
(Avanti Polar Lipids, catalog no. 860490) or left untreated for
30 min, pelleted, and resuspended in minimum essential me-
dium (MEM) supplemented with 10% FCS containing pp-
VSV–SARS–CoV-2 spike and the same concentration of sphin-
gosine as used in the preincubation period. The cells were then
infected for 60 min, washed once in H/S, and cultured for 24 h in
minimum Eagle’s medium supplemented with 10% FCS to allow
expression of the eGFP encoded by the particles. Infection was
analyzed on a Leica TCS-SP5 confocal microscope by counting
the percentage of eGFP-positive epithelial cells in at least 500 epi-
thelial cells per sample in randomly chosenmicroscopic fields.
The local ethics committee of the University Hospital Essen

approved the experiments under permission number 20-9348-
BO. The studies were performed in accordance with the Decla-
ration of Helsinki principles.

Infection of Vero cells

Vero cells (ATCC®CCL-81TM; monkey kidney epithelial
cells) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10 mM HEPES (pH 7.4; Carl Roth
GmbH, Karlsruhe, Germany), 2 mM L-glutamine, 1 mM sodium
pyruvate, 100 mM nonessential amino acids, 100 units/ml peni-
cillin, 100 mg/ml streptomycin (all from Invitrogen), and 10%
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FCS (PAA Laboratories GmbH, Coelbe, Germany). The cells
were grown to subconfluency on glass coverslips in a 24-well
plate for 24 h prior to the experiments. The cells were then
washed once with H/S and incubated with 0.25, 0.5, 1, 2, or 5
mM sphingosine or left untreated for 30 min in H/S. As further
controls we incubated the cells with each 5 mM phosphatidyl-
choline (Sigma, catalog no. P7443), phosphatidylserine (Sigma,
catalog no. P7769), phosphatidylethanolamine (Sigma, catalog
no. P7693), sphingomyelin (Sigma, catalog no. P85615), C16-
ceramide (Avanti Polar Lipids, catalog no. 860516), sphingosine
1-phosphate (Sigma, catalog no. S9666), lactosylceramide (Avanti
Polar Lipids, catalog no. 860576), cardiolipin (Avanti Polar Lipids,
catalog no. 710333), or octylglucopyranoside (Sigma, catalog no.
O8001) for 30 min prior to the infection. The supernatant was
removed, and the cells were infected with pp-VSV–SARS–CoV-
2 spike in the presence of the same concentration of sphingosine
or the above-described control lipids as used during the preincu-
bation period. Infectionwas terminated after 60min, themedium
removed, and the cells were cultured for an additional 24 h in
DMEM supplemented as above to allow expression of eGFP. The
medium was removed; the cells were washed once in H/S, fixed
in 1% paraformaldehyde buffered with PBS (pH 7.3) for 10 min,
washed, embedded inMowiol, and analyzed with a Leica TCS-SL
confocal microscope equipped with a 403 lens and Leica LCS
software version 2.61. We counted eGFP-positive cells in 2,000
cells/sample in randomly chosenmicroscopic fields. Infected cells
show a homogenous and strong expression of eGFP.

FITC–annexin V binding

Human nasal epithelial or Vero epithelial cells were treated as
above with sphingosine for 30 min in H/S or left untreated,
washed, and incubated in DMEMwith sphingosine for 60 min or
left untreated. The cells were washed again, and incubation was
then continued for 24 h in DMEM containing 10% FCS. The cells
were trypsinized, washed in H/S, stained for 15 min with FITC–
annexin V (Roche), and analyzed by flow cytometry. The controls
were permeabilized for 5 min with 0.1% Triton X-100 at room
temperature before incubation with FITC–annexin V.

TUNEL studies

Human nasal epithelial cells or Vero epithelial cells were
treated with sphingosine or left untreated as described for
FITC–annexin V staining. The cells were trypsinized, washed
with PBS, fixed in 1% paraformaldehyde buffered in PBS (pH
7.4) for 10 min, washed in PBS, permeabilized with 0.1% Triton
X-100 in 0.1% sodium citrate for 5 min at room temperature,
and washed. The TUNEL reaction was performed following
exactly the instructions of the vendor (Roche) using recombi-
nant terminal deoxynucleotidyl transferase (EC 2.7.7.31) and
tetramethyl rhodamine red-labeled nucleotides. Positive con-
trols were incubated with recombinant micrococcal nuclease
or DNase I (3000 units/ml) for 10 min at 22 °C before the
TUNEL reaction. The samples were analyzed by flow cytometry.

Binding of sphingosine to immobilized recombinant ACE2

To determine binding of sphingosine to ACE2, 2 mg of Fc-
ACE2 (Abcam, catalog no. ab273687) were immobilized by

binding to protein A/G–agarose beads (30 ml/sample; Santa
Cruz Inc., catalog no. sc2003) in 500 ml of H/S supplemented
with 10 mg/ml each aprotinin and leupeptin (H/S 1 A/L) at
4 °C for 60 min. The complexes were washed 3-times in H/S,
resuspended in 1 ml H/S1A/L and sphingosine was added at a
concentration of 2 mM. To this end, sphingosine was suspended
at 2.5 mM in 0.9% NaCl, sonicated for 10 min in a bath sonica-
tor, and then diluted into the samples. The immobilized ACE2
samples were incubated with sphingosine for 120 min and
washed six times in H/S1 A/L. Controls were protein A/G–
agarose beads only that were incubated with sphingosine.
The samples were then extracted in CHCl3:CH3OH:1 N HCl
(100:100:1, v/v/v), and sphingosine was quantified by a kinase
assay.

Quantitative sphingosine measurement by kinase assay

The cells were extracted in 200 ml of H2O and 800 ml of
CHCl3:CH3OH:1 N HCl (100:200:1, v/v/v). The lower phase
was dried and resuspended in a detergent solution (7.5% (w/v)
n-octylglucopyranoside, 5 mM cardiolipin in 1 mM diethylene-
triaminepentaacetic acid). The kinase reaction was initiated by
addition of 0.001 units sphingosine kinase in 50 mM HEPES
(pH 7.4), 250 mM NaCl, 30 mM MgCl2 1 mM ATP, and 10 mCi
of [g-32P]ATP. The samples were incubated for 60 min at 37 °C
with shaking (350 rpm). The reaction was terminated by adding
100 ml of H2O, 20 ml of 1 N HCl, 800 ml of CHCl3:CH3OH:1N
HCl (100:200:1, v/v/v), and 240 ml each of CHCl3 and 2 M KCl.
The samples were vortexed between additions. The phases
were separated, and the lower phase was collected, dried, dis-
solved in 20 ml of CHCl3:CH3OH (1:1, v/v), and separated on
Silica G60 TLC plates with CHCl3:CH3OH:acetic acid:H2O
(90:90:15:5, v/v/v/v) as developing solvent. The TLC plates
were analyzed with a PhosphorImager. Sphingosine levels were
determined with a standard curve of C18-sphingosine.

Binding of human recombinant ACE2 to immobilized lipids

The following lipids were immobilized to agarose: sphingo-
sine (Sphingobeads, Echelon, catalog no. S-6100), phosphatidyl-
choline (Echelon, catalog no. P-BOPC), phosphatidylethanol-
amine (Echelon, catalog no. P-BOPE), sphingomyelin (Echelon,
catalog no. P-BOSM), ceramide (Echelon, catalog no. P-BCER),
sphingosine 1-phosphate (Echelon, catalog no. S6110, cardio-
lipin (Echelon, catalog no. P-BCLP), or unloaded control beads
(Echelon, catalog no. P-8000). Lipid-coated beads (each 30 ml)
were incubated with 2 mg of Fc-ACE2 in 500 ml of H/S 1 A/L
at 4 °C for 120 min. The complexes were washed six times in
H/S1 A/L, eluted in 13 SDS sample buffer, boiled for 5 min at
94 °C, and centrifuged at 20,8003 g for 5min. The supernatants
were separated on 7.5% SDS-PAGE, blotted onto nitrocellulose
membranes, and blocked in starting block (Pierce, catalog no.
37542). The membranes were washed twice, each time for 5
min, in 20 mM Tris base, 150 mM NaCl (pH 8.0) supplemented
with 0.1% Tween 20 (TBS/Tw), incubated for 45 min with anti-
ACE2 antibodies (1:1000, R&D, catalog no. AF933), washed six
times, each time for 10 min, in TBS supplemented with 0.05%
Tween 20 (TBS/Tw), incubated for 45 min with alkaline phos-
phatase–coupled anti-goat antibodies (1:50 000, Abcam, catalog
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no. ab97107), washed six times, and developed using an ECL kit
fromGEHealthcare.

Binding of cellular ACE2 to immobilized sphingosine

Vero cells were lysed in 25 mM HEPES, 3% Nonidet P-40,
0.1% Triton X-100, 10 mM EDTA, 10 mM sodium pyrophos-
phate, 10 mM sodium fluoride, 125 mM NaCl, and 10 mg/ml
aprotinin/leupeptin with a concentration of 5 3 106 cells/ml
for 5 min on ice and centrifuged at 20,8003 g for 5 min at 4 °C,
and the supernatants, equivalents of 2.5 3 106 cells, were
diluted 1:10 in H/S1A/L and incubated with 30ml of sphingo-
sine immobilized to agarose (Sphingobeads) or control beads
for 60 min at 4 °C. The samples were then analyzed byWestern
blotting for ACE2 as above. To prove specificity of the binding
between immobilized sphingosine and ACE2, we also added 2
mM suspended sphingosine to some samples.

Blocking of the binding of human recombinant ACE2 to pp-
VSV–SARS–CoV-2 spike by sphingosine

To test whether sphingosine blocks binding of viral spike to
human ACE2, Fc-ACE2 (2 mg) was immobilized on 30 ml of
protein A/G–agarose for 60 min in 500ml of H/S1A/L at 4 °C.
The complexes were washed twice in H/S1A/L, 2mg of sphin-
gosine was added, or the complexes were left untreated. The
samples were incubated at 4 °C for 60min. The complexes were
washed twice in H/S1A/L, and 50ml of pp-VSV–SARS–CoV-
2-spike was added. The samples were incubated for 60 min at
4 °C, pelleted by centrifugation for 2 min at 20,8003 g, and the
supernatants were used to infect Vero cells as a measurement
how much functional virus was depleted from the supernatant
as a consequence of binding to immobilized Fc-ACE2.

Binding of human recombinant ACE2 to recombinant RBD
spike in the presence of sphingosine or other lipids

To test whether sphingosine blocks binding of viral spike to
human ACE2, we immobilized 2 mg of Fc-ACE2 on 30 ml of
protein A/G–agarose beads in 500 ml of H/S 1 A/L at 4 °C for
120 min in the presence or absence of each 2 mM sphingosine,
phosphatidylcholine, phosphatidylserine, sphingomyelin, C16-
ceramide, sphingosine 1-phosphate, cardiolipin, or no lipid.
Controls were protein A/G–agarose beads. The samples were
then washed three times in H/S 1 A/L, resuspended in 500 ml
H/S1 A/L, and incubated with 2 mg of recombinant receptor-
binding domain of spike (RBD spike, Sino Biologicals, catalog
no. 40150-R007) for 60 min at 4 °C. The samples were washed 6
times in H/S1 A/L, eluted in 13 SDS sample buffer, boiled for
5 min at 94 °C, and centrifuged at 20,8003 g for 5 min at 4 °C.
The supernatants were separated on 10% SDS-PAGE and ana-
lyzed for binding of RBD spike by Western blotting using
anti-SARS–CoV-2-spike antibodies (1:1000, Abcam rabbit pol-
yclonal antibody, catalog no. Ab272504; we used a different
monoclonal rabbit anti-spike S1 antibody, Sino Biologicals, cat-
alog no. 40150-R007, to further confirm the association data)
followed by alkaline phosphatase–coupled anti-rabbit antibod-
ies (1:50 000, Abcam catalog no. ab97048) as above. In an addi-
tional approach to prove that sphingosine blocks binding of
viral spike to human ACE2, we immobilized 2 mg of RBD spike,

which is a His-tagged protein, on Ni21–agarose (Thermo
Fisher catalog no. 89964) in 500 ml of H/S 1 A/L and added
2 mg of recombinant Fc-ACE2 in the presence or absence of
each 2 mM sphingosine, phosphatidylcholine, phosphatidylser-
ine, phosphatidylethanolamine, sphingomyelin, C16-ceramide,
sphingosine 1-phosphate, lactosylceramide, cardiolipin, or
octylglucopyranoside. The samples were incubated for 60
min, washed six times in H/S 1 A/L, eluted in 13 SDS sam-
ple buffer and analyzed by Western blotting for ACE2 as
above using anti-ACE2 antibodies.

Adhesion studies

Vero cells were incubated for 30 min with each 2 mM

sphingosine, phosphatidylcholine, sphingomyelin, C16-cer-
amide, sphingosine 1-phosphate, lactosylceramide, or car-
diolipin or were left untreated and washed; pp-VSV–SARS–
CoV-2 spike was added; the lipids were reconstituted to the
same concentration as before; and the cells were infected for
20 min. The supernatants were discarded, and the cells were
then removed from the plates with cell dissociation buffer
(Gibco, catalog no. 13151-014), washed twice with H/S,
incubated with anti-spike S1 antibodies (1:100, monoclonal
rabbit antibody) for 45 min at 4 °C, washed once in H/S, and
stained with F(ab)2 donkey anti-rabbit IgG (Jackson Immu-
noResearch, catalog no. 711-096-152) for 45 min at 4 °C.
The samples were washed in H/S and analyzed by flow
cytometry using a BD FACSCalibur (Becton Dickinson).

Quantification and statistical analysis

The data are expressed as arithmetic means 6 S.D. For the
comparison of continuous variables from independent groups,
we used one-way ANOVA followed by post hoc Student’s
t tests for all pairwise comparisons and the Bonferroni correc-
tion for multiple testing. The p values for the pairwise compari-
sons were calculated after Bonferroni correction. All values
were normally distributed. Statistical significance was set at the
level of p� 0.05 (two-tailed). Sample size planning for the con-
tinuous variable was based on two-sided Wilcoxon–Mann–
Whitney tests (free software: G*Power version 3.1.7, University of
Duesseldorf, Duesseldorf, Germany). Investigators were blinded
to the identity of the samples in all microscopy experiments.

Data availability

All data are included in the article or available upon request.
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