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Ebolavirus Requires Acid Sphingomyelinase Activity and Plasma
Membrane Sphingomyelin for Infection

Mary E. Miller,* Shramika Adhikary, Andrey A. Kolokoltsov,* and Robert A. Davey*

Department of Microbiology and Immunology, University of Texas Medical Branch, Galveston, Texas, USA

Acid sphingomyelinase (ASMase) converts the lipid sphingomyelin (SM) to phosphocholine and ceramide and has optimum
activity at acidic pH. Normally, ASMase is located in lysosomes and endosomes, but membrane damage or the interaction with
some bacterial and viral pathogens can trigger its recruitment to the plasma membrane. Rhinovirus and measles viruses each
require ASMase activity during early stages of infection. Both sphingomyelin and ceramide are important components of lipid
rafts and are potent signaling molecules. Each plays roles in mediating macropinocytosis, which has been shown to be important
for ebolavirus (EBOV) infection. Here, we investigated the role of ASMase and its substrate, SM, in EBOV infection. The work
was performed at biosafety level 4 with wild-type virus with specificity and mechanistic analysis performed using virus pseu-
dotypes and virus-like particles. We found that virus particles strongly associate with the SM-rich regions of the cell membrane
and depletion of SM reduces EBOV infection. ASM-specific drugs and multiple small interfering RNAs strongly inhibit the infec-
tion by EBOV and EBOV glycoprotein pseudotyped viruses but not by the pseudotypes bearing the glycoprotein of vesicular sto-
matitis virus. Interestingly, the binding of virus-like particles to cells is strongly associated with surface-localized ASMase as well
as SM-enriched sites. Our work suggests that ASMase activity and SM presence are necessary for efficient infection of cells by
EBOV. The inhibition of this pathway may provide new avenues for drug treatment.

bolavirus (EBOV) is a negative-sense, single-stranded fila-

mentous virus causing disease that is nearly 90% fatal in hu-
mans. Despite its severity, no approved vaccines or drug therapies
exist to prevent or treat EBOV infection (13). An effective strategy
for developing such treatments is to target key steps in virus entry
into cells. The current view of EBOV entry is that the virus asso-
ciates with cholesterol-rich lipid rafts (5) and coreceptors, such as
integrins and DC-SIGN (dendritic cell-specific intercellular adhe-
sion molecule-3-grabbing nonintegrin) (1, 50). Soon thereafter,
other receptor proteins bind; these may be tissue- or cell-type
specific and include tyro3, an Axl family member, and TIM-1 (27,
34, 49). The virus is then internalized by a macropinocytosis-like
mechanism (45-47). Once inside the cell, the virus requires the
pH-dependent lysosomal cathepsins B and L to cleave the surface
glycoproteins prior to its pH-dependent fusion with cell mem-
branes. Recently, a prefusion step requiring the late endosomal/
lysosomal protein Niemann-Pick Type C1 (NPC1) was identified
(7,9). Although significant insights into the EBOV entry pathway
and mechanism have been uncovered, gaps in understanding still
exist, some of which could be exploited for drug development.

Much of the work that has been performed to determine the
role of membrane cholesterol in the virus infection mechanism
has used drugs such as cyclodextrin and nystatin to respectively
deplete and sequester cellular cholesterol. These treatments re-
duce EBOV infection (5, 12); however, it has been demonstrated
that sphingomyelin (SM), a major lipid raft component, is also
depleted (19). Moreover, nystatin inhibits the recruitment of
the sphingomyelin-processing enzyme acid sphingomyelinase
(ASMase) (EC 3.1.4.12) from the lysosome to the outer leaflet of the
plasma membrane (35). Therefore, the interpretation of these ear-
lier EBOV entry experiments is more complex than was originally
thought and requires further investigation.

SM is a mammalian membrane lipid that preferentially associ-
ates with cholesterol to form lipid rafts (43). During normal mem-
brane recycling, SM is internalized and then routed through early
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endosomes, multivesicular bodies, and late endosomes. Then, SM
is either recycled back to the plasma membrane via exocytosis or
delivered to lysosomes, where it is hydrolyzed to ceramide and
phosphocholine by ASMase (31). However, membrane damage
and the binding of microbial pathogens can result in the translo-
cation of lysosomal ASMase to the outer leaflet of the plasma
membrane, where it cleaves surface-exposed SM (4, 51). The con-
version of the SM in rafts to ceramide can result in raft enlarge-
ment, receptor clustering, membrane invagination, and macropi-
nosome formation (22-24, 59), all of which promote the uptake of
particles, including viruses, into cells.

Measles virus and rhinoviruses as well as the intracellular patho-
gens Neisseria gonorrhoeae and Trypanosoma cruzi all require
ASMase function during entry (2, 14, 20, 21). This suggests that
these pathogens may share a mechanism of ASMase-dependent
cellular entry that could be exploited as a broad-spectrum inter-
vention. Since EBOV, N. gonorrhoeae, and measles virus all use
macropinocytosis for entry (15, 58), it is important to determine if
EBOV also shares a dependence on ASMase activity, as this infor-
mation will be useful in characterizing the poorly understood
macropinocytic uptake mechanism.

Here, we investigated the roles of the SM-enriched rafts and
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TABLE 1 Sequences of siRNA used to suppress ASMase (SMPD1) mRNA expression

siRNA name Vendor Catalog no. Target sequence

Hs_SMPDI1_1 Qiagen S100011557 TGGAATTATTACCGAATTGTA
Hs_SMPD1_2 Qiagen S100011564 CTGGTTTAGCTGGATATGGGA
Hs_SMPD1_3 Qiagen S100011571 CGGGCTGAAGAAGGAACCCAA
Hs_SMPD1_5 Qiagen S103096121 CTGCTGTGGGTAACCATGAAA
SMPD1_6 Invitrogen SMPD1HSS143988 ACAAAGAGTAGCCAGACGGCAGGGC
Ctbp1_7 (+control) Qiagen S104301325 CACCGTCAAGCAGATGAGACA
AllStars (—control) Qiagen S11027281 Nontargeting

ASMase in EBOV infection. We found that virus particles associ-
ate with the SM-rich regions of the cell membrane and that infec-
tion is strongly dependent on ASMase activity. Interestingly, virus
particles induce the movement of ASMase to the cell surface at the
site at which virus particles bind to the cell membrane. This out-
come suggests that EBOV can recruit ASMase and SM to the site of
cell binding and that this response is important in initiating infec-
tion.

MATERIALS AND METHODS

Cell culture. HeLa (Ambion, Austin, TX), 293HEK (ATCC, Manassas,
VA), 293FT (Invitrogen, Carlsbad, CA), and Vero E6 (CDC, Atlanta, GA)
cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) with
10% fetal bovine serum (FBS) and 1% penicillin/streptomycin at 37°C at
5% CO,. 293FT cells (Invitrogen, Carlsbad, CA) were subcultured in 0.5
mg/ml G418. Healthy primary human fibroblasts (GM00038) and fibro-
blasts lacking detectable ASMase activity (GM0112) were purchased from
the Coriell Cell Repository (Camden, NJ) and cultured in DMEM as per
the provided protocol.

Reagents. Vacuolin-1 was purchased from Calbiochem (Gibbstown,
NJ). Desipramine, imipramine, and bafilomycin A were purchased from
Sigma (St. Louis, MO). For the immunofluorescence assays staining for
SM, lysenin and rabbit antilysenin were purchased from Peptides Inter-
national (Louisville, KY). Goat anti-ASMase antibodies were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). Donkey anti-rabbit
Alexa Fluor 594, chicken anti-goat Alexa Fluor 647, 4',6-diamidino-
2-phenylindole (DAPI), Lipofectamine 2000, Stealth RNAi SMPD1
(HSS143988, referred to in the text as SMPD1 siRNA [small interfering
RNA] sequence 6), and alamarBlue were purchased from Invitrogen
(Carlsbad, CA). The oligonucleotide primers targeting the Zaire EBOV
Mayinga nucleoprotein (NP) genes were purchased from IDT (Coralville,
IA). The primers for PCR amplification of the SMPD1 gene were pur-
chased from OriGene (Rockville, MD). The siRNA for SMPDI1 (referred
to in the text as SMPD1 siRNA sequences 1, 2, 3, and 5) were purchased
from Qiagen (Valencia, CA). The polyethylenimine (PEI) for the large-
scale cDNA transfections was from Polysciences, Inc. (Warrington, PA).
pEBOV Zaire GP (a gift from Paul Bates, University of Pennsylvania,
Philadelphia, PA), pVP40-green fluorescent protein (GFP) (a gift from
Christopher Basler, Mount Sinai School of Medicine, New York, NY), and
pVSV-G (BD Biosciences, San Jose, CA) were prepared with Qiagen kits
or purified by CsCl gradient centrifugation (32). The recombinant vesic-
ular stomatitis virus (VSV) in which the VSV-G gene was replaced by a
gene encoding firefly luciferase (VSV-Luc) was provided by Sean Whelan,
Harvard Medical School, Boston, MA. The recombinant, replication-
competent Zaire EBOV with the GFP open reading frame (ORF) inserted
into its genome (ZEBOV-GFP) was provided by Stuart Nichol and Jona-
than Towner, CDC, Atlanta, GA. For measuring the mRNA levels in the
cells, mRNA was purified using an Aurum Total RNA kit (Bio-Rad, Her-
cules, CA), and quantitative real-time PCR (qRT-PCR) was performed
using the iScript One-Step RT-PCR kit with SYBR green (Bio-Rad, Her-
cules, CA).

Generation of ebolavirus-like particles (EBOVLPs). To visualize
EBOV particle entry into cells, virus-like particles were generated using
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GFP-tagged VP40 and EBOV GP (40). 293FT cells were plated at 90%
confluence in 10-cm culture dishes 2 to 4 h prior to transfection. To
generate EBOVLPs, each plate was transfected with 11.5 pg of pVP40-
GFP and 0.5 pg of pPEBOV GP using PEL Forty-eight hours posttransfec-
tion, the supernatant containing EBOVLP was collected from 10 plates.
The cell debris was pelleted at 1,000 rpm for 10 min in an Eppendorf
5810R centrifuge with standard swing-out rotor. The EBOVLPs were pel-
leted through 20% (wt/vol) sucrose at 82,700 X g for 3 h. The pellets were
resuspended in 5 ml phosphate-buffered saline (PBS) or DMEM contain-
ing 10% FBS, aliquoted, and stored at —80°C until use.

Generation of EBOV GP pseudotyped VSV encoding luciferase
(EBOV-VSV-Luc). To assess the dependence of EBOV GP in infection,
EBOV pseudotyped virus was generated using a recombinant VSV with
the VSV-G gene replaced by the firefly luciferase gene, as previously re-
ported (33). The pseudotypes were generated by expressing GP in cells
and then inoculation with the recombinant VSV. The cells were trans-
fected using PEI with 0.5 pg of pEBOV GP and 10 g of pp-gal (carrier
plasmid). The cells were then inoculated with a VSV pseudotype, which
had been previously made, bearing the GP of the Marburg virus (multi-
plicity of infection [MOI] = 1.0). The next day, the supernatant was
removed. The cells were washed 3 times and resuspended in DMEM con-
taining FBS. The cells were then incubated at 37°C for 48 h after virus
inoculation, and the supernatant was collected for further use. As a con-
trol for the contamination of the inoculating virus, the cells were trans-
fected with pB-gal alone, and culture supernatant was collected and tested
for activity by inoculation of fresh cells. The cells transfected with EBOV
GP produced 1,000-fold-higher intensity signals than this control. All
virus titers were determined by a limiting, serial 2-fold dilution onto HeLa
cells with luciferase activity measurements taken 8 h postinoculation.

siRNA transfections. HeLa cells were reverse transfected using Lipo-
fectamine 2000 following the manufacturer’s protocol in either 96- or
6-well plates. The cells were plated into wells containing the siRNA and
transfection mixture. In preliminary work, the method was optimized to
yield a >90% suppression of luciferase expression in a cell line stably
made to express luciferase using a specific siRNA. At 24 h posttransfec-
tion, the cells were visually inspected for indications of siRNA toxicity. At
48 h posttransfection, the cells were inoculated with the EBOVLPs, EBOV
GP pseudotyped virus, or ZEBOV-GFP (recombinant replication compe-
tent virus). The cells were also lysed for mRNA purification and subse-
quent RT-PCR. As a negative control, nontargeting siRNA (AllStars;
Qiagen) was used. Additionally, Ctbp1 siRNA was used as a positive con-
trol, as previous work showed a 90% inhibition of ZEBOV-GFP infection
when the expression of this protein was suppressed (47). The siRNA se-
quences used are shown in Table 1.

Drug treatment and cytotoxicity assays. Drug stocks (10 mM) were
prepared in either molecular-grade water (imipramine and desipramine)
or dimethyl sulfoxide (DMSO) (vacuolin-1), aliquoted, and stored at
—80°C until use. A 10-uM stock of bafilomycin A, an inhibitor of the
vacuolar ATPase, was prepared in DMSO. The working drug concentra-
tions were determined by treating the cells with the drug in 2-fold serial
dilutions starting at 100 wM. The cells were plated at 70% confluence in
96-well plates at least 4 h prior to drug treatment. The cells were then
incubated with the drugs 1 h prior to addition of the virus. alamarBlue dye
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was used to determine the cytotoxicity of each drug treatment. The drug
and dye were incubated with the cells for 24 h, and fluorescence was
measured using a BMG Omega plate reader. To determine the impact of
each drug on infection efficiency, total cell numbers were counted. A
change of >20% in cell density or in alamarBlue fluorescence was used to
indicate drug toxicity. No toxic effects were observed at the reported doses
for any drug tested.

EBOV-GFP infection assay. A recombinant, replication-competent
Zaire EBOV that encodes GFP (ZEBOV-GFP) was used to measure the
impact of the treatments on the infection. This virus has the GFP ORF
inserted into the viral genome such that the protein is under the control of
native virus promoter elements. The ZEBOV-GFP virus replicates simi-
larly to the wild-type virus, and GFP expression can be detected 24 h after
inoculation (11, 52). All the experiments with the replication-competent
viruses were performed in a biosafety level 4 (BSL4) laboratory (Robert
Shope Memorial BSL4 Laboratory, UTMB). All the infection assays were
performed in 96-well plates with three or more replicates and were re-
peated in multiple independent experiments. The virus inoculation was
performed 48 h after the siRNA transfection or 1 h after the drug treat-
ment. The drugs remained on the cells at the indicated final concentra-
tions for the duration of each assay.

Unless stated otherwise, an MOI of 0.3 was used for the virus inocu-
lations. For many of the experiments, a lower MOI was tested, but this
change yielded no impact on the overall outcome of the infection with
each treatment. For both the siRNA and drug treatments, the virus was
incubated with the cells for 24 h at 37°C, which corresponded to approx-
imately one round of replication and allowed the accumulation of enough
GFP to be detected. At the termination of the experiment, the cells were
immersed in 10% formalin for at least 24 h. The cells were then rinsed 3
times with PBS, and the cell nuclei were stained with 0.4 pug/ml DAPI in
PBS. The cells were then imaged using a Nikon TE2000 fluorescence mi-
croscope usinga 10X objective lens and mounted with an EMCCD 16-bit
camera (iXon, ANDOR). The images were analyzed using Cell Profiler
image analysis software (Broad Institute, MIT, Boston, MA). The analysis
pipeline is available upon request. Briefly, the cells identified by the nu-
clear DAPI staining were individually assessed for GFP fluorescence in-
tensity. Control experiments were used to set the thresholds for signal
over the background; the number of infected cells could thus be deter-
mined. The infection efficiency was typically expressed as the percentage
of infected cells, either in the entire cell population or, when indicated,
normalized to the infection of the untreated cells. All the data were ana-
lyzed by one-way analysis of variance (ANOVA) with Tukey’s posttest
using the GraphPad Prism statistical analysis software (version 5.00 for
Windows, GraphPad Software, San Diego, CA).

Cell binding and internalization of VLPs. For the mechanistic anal-
yses, the impact of each treatment on the binding and internalization of
the virus was the first step examined. HeLa cells were plated on 8-well
chamber slides (Ibidi, Germany). A single drug concentration of 3 to 5
times the 50% effective concentration (EC5,) was chosen; these con-
centrations were determined not to be cytotoxic using the alamarBlue
cytotoxicity assay. The cells were preincubated for 1 h with 25 pM
imipramine, 1 pM vacuolin-1, or vehicle prior to the inoculation with
EBOVLPs, and the cells were then incubated for up to 90 min. Upon
termination of the experiment, the medium was removed, and the cells
were rinsed with PBS. The cells were fixed with 4% paraformaldehyde for
10 min at room temperature, rinsed 3 times with PBS, and stored at 4°C
until antibody staining.

Luciferase infection assay of the EBOV GP-VSV core pseudotyped
virus. The pseudotyped viruses allowed the comparison of the relative
impact of each treatment on the function of the EBOV GP compared with
the GPs from the other viruses. HeLa cells were plated in 96-well plates
(white walled; Corning) and incubated as above with each drug. After 1 h,
the pseudotyped virus was added. Pseudotyped viruses bearing the glyco-
proteins of EBOV (EBOV-VSV-luciferase) or VSV (VSV-VSV-luciferase)
were used. The cells were incubated with the drug and virus for 8 h at 37°C,
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after which time the medium was replaced with 100 wl luciferase assay
buffer containing 0.2% Triton X-100 detergent (Promega). The cells were
gently mixed to ensure lysis, and luciferase activity was measured (Veritas
96-well plate luminometer; Turner Biosystems). An additional reading of
each plate was taken after 1 min to ensure that stable luciferase activity had
been attained (32). The counts per second were analyzed by one-way
ANOVA with Tukey’s posttest using GraphPad Prism software.

qRT-PCR. gRT-PCR was used to determine the relative fold change in
the mRNA levels of specific genes after siRNA transfection and viral
genomic RNA levels after infection. To determine the impact of the drug
treatments on the viral RNA abundance, HeLa cells were plated in 6-well
plates at 70% confluence 4 h prior to the addition of drug. The cells were
preincubated for 1 h with 25 WM imipramine, 25 wM desipramine, 1 pM
vacuolin-1 (each was 3 to 5 times the EC,, determined in the infection
assays), or vehicle. ZEBOV-GFP was added at an MOI of 0.3 and incu-
bated with the cells for 24 h at 37°C. At the termination of the experiment,
1 ml TRIzol (Invitrogen) was added to the cells. RNA purification was
performed using a Bio-Rad Aurum Total RNA kit. qRT-PCR was per-
formed using the iScript One-Step RT-PCR kit with SYBR green in a
Bio-Rad CFX-96 RT-PCR machine. The following primers against EBOV
NP amplified the region between nucleotides 2094 and 3609 of the viral
genome (GenBank NC_002549.1): 5" AGCGTGATGGAGTGAAGCGCC
3" and 5" TCCGGCATGGCAGCAAGTGT 3'. To determine the fold
change in the ASMase mRNA expression, the transfected HeLa cells were
treated as above, and the mRNA was purified. The primers against lyso-
somal ASMase (SMPD1; GenBank NM_000543) were purchased prede-
signed from Origene (catalog no. HP200515) with the sequences 5" GCT
GGCTCTATGAAGCGATGGC 3’ and 5" AGAGCCAGAAGTTCTCAC
GGGA 3'. For both reactions, an annealing temperature of 59°C was used.
A threshold cycle for signal detection was recorded, and the change in the
threshold between the untreated and treated samples was calculated.
GAPDH-specific primer sets (Qiagen) served as internal controls for the
change in the total mRNA levels and to calculate the AACT values. The
AACT and fold change in the expression values were determined using
Bio-Rad CFX software (version 1.6). The expression values were further
analyzed using the GraphPad Prism software to assess statistical signifi-
cance (P < 0.05).

Immunofluorescence assays. For the immunofluorescence staining
of the cells with antibodies, HeLa cells were fixed with freshly made 4%
paraformaldehyde after the treatment and incubation with virus or VLPs.
To restrict the staining to the plasma membrane, the cells were not per-
meabilized. For the SM raft staining, HeLa cells were blocked with 2%
bovine serum albumin (BSA) for 15 min with the SM raft-binding pro-
tein, lysenin (1:50), prior to a 2-h incubation. The cells were rinsed and
incubated with rabbit antilysenin primary antibody (1:1,000 in 2% BSA).
The cells were rinsed again and incubated with donkey anti-rabbit Alexa
Fluor 594 (1:200 in 2% BSA) for 1 h. The cell nuclei were stained with 0.4
pg/ml of DAPI for 30 min. For ASMase staining, the cells were blocked
with 10% serum and incubated with goat anti-ASMase (1:50 in 2%
chicken serum) overnight at 4°C. The cells were rinsed 3 times with PBS
and then incubated with chicken anti-goat Alexa Fluor 647 for 1 h. The
cells were visualized with a 100X oil objective lens using a Zeiss LSM 510
confocal immunofluorescence microscope.

Sphingomyelin depletion assay. A sphingomyelin depletion assay
was used to assess the requirement for sphingomyelin in EBOV entry.
HeLa cells were plated on the day prior to treatment and incubated over-
night at 37°C. Staphylococcus aureus SMase (Sigma) was diluted in Hanks
balanced salt solution (HBSS) with calcium and magnesium and imme-
diately applied to cells. Optimization of the SMase treatment showed that
a45-min incubation with 2 U SMase/ml at 37°C provided the peak reduc-
tion in the SM staining without the loss of cell viability; therefore, these
conditions were used. After the enzyme treatment, the cells were washed
twice with HBSS. The mock-treated cells were treated with HBSS only.
The cells were then incubated with EBOV-GFP, the pseudotyped viruses
(EBOV-VSV-luciferase or VSV-VSV-luciferase), or the GFP-tagged

jviasm.org 7475


http://jvi.asm.org

Miller et al.

EBOVLPs for 1 h. Next, the cells were rinsed to remove the unbound virus.
For the EBOV-GFP infection assays, the cells were incubated with con-
centrated virus (107 PFU/ml) that had been pelleted through sucrose and
resuspended in PBS, and unbound virus was removed after 1 h, as above.
After 24 h, the cells were fixed and imaged. For the VSV pseudotypes, the
cells were incubated for a total of 9 h and analyzed for luciferase activity.
For the binding assays using the GFP-tagged EBOVLPs, the cells were
washed and fixed after 1 h of incubation with the VLPs.

RESULTS

EBOV associates with SM-enriched lipid rafts. The lipid SM
comprises 10% of the mammalian cell membrane. Unlike other
lipids, SM preferentially associates with cholesterol to form SM
and cholesterol-enriched lipid rafts in the plasma membrane (42).
These lipid rafts form platforms that recruit cellular receptors to
specific sites on the cell surface and aid in enhancing the signaling
between these and other cellular proteins; lipid rafts have also
been shown to be important for virus entry into cells (30). Methyl-
B-cyclodextrin (MBCD), a compound known to extract choles-
terol from cell membranes (5, 46, 47), inhibits EBOV infection;
however, MBCD also extracts SM from cell membranes (19).
Therefore, the impact of MBCD treatment on EBOV infection
may be the result of the cholesterol extraction, SM extraction, or
both. For this reason, we examined the role of SM and SM-asso-
ciated enzymes in EBOV infection.

To determine if the depletion of cellular sphingomyelin re-
duces EBOV infection, HeLa cells were pretreated with 2 U/ml
SMase in HBSS for 45 min, washed to remove the SMase, and
inoculated with the GFP-expressing, replication-competent Zaire
EBOV (ZEBOV-GFP) at an MOI of 0.3. After 1 h, the cells were
washed to remove the unbound virus and incubated for 24 h to
allow the infection and expression of the GFP infection marker.
For the negative control, cells were incubated with HBSS only.
Cells treated with SMase were more resistant to infection than
those that received only the mock treatment (Fig. 1A). Next, we
investigated if the effect of the SM depletion is specific to EBOV.
HeLa cells were pretreated with SMase, as above, and were inocu-
lated with luciferase-encoding VSV pseudotypes bearing either
ZEBOV GP or VSV-G. The cells were then incubated for an addi-
tional 8 h before luciferase activity was measured. While VSV-G
pseudotyped virus infectivity was unaltered, the EBOV GP pseu-
dotype infectivity was reduced by >80% (Fig. 1B). To verify that
SMase treatment reduced the amount of SM-rich rafts on the
plasma membrane, HeLa cells were treated with SMase, as for
infection assays, and then fixed in formalin. The cells were stained
using the sphingomyelin-binding protein lysenin, followed by an
antilysenin antibody (Fig. 1C), and the intensity of staining was
measured. This analysis demonstrated that SMase treatment re-
sulted in a 70% reduction in staining of SM-containing rafts and
correlated with the reduction in ZEBOV and EBOV GP pseu-
dotype infection reduction.

If SM is important for infection, EBOV particles should asso-
ciate with the SM-containing rafts. Other work has shown that
EBOV membrane fusion begins after a lag of 60 min and has a half
time of 120 min (48), so HeLa cells were incubated with EBOVLPs
for up to 90 min, as this time frame should encompass binding up
to membrane fusion of virus entry into cells. Cells were then
stained with lysenin but were not permeabilized to facilitate the
observation of the events at the cell surface only. A strong associ-
ation of EBOVLPs with SM-containing rafts was observed even at
the earliest time point (30 min), with the number of these events
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FIG 1 The depletion of cellular sphingomyelin reduces ZEBOV infection.
HeLa cells were pretreated with 2 U/ml SMase in HBSS buffer for 45 min,
washed to remove SMase, and inoculated with GFP-expressing replication-
competent ZEBOV (ZEBOV-GFP) at an MOI of 5. After 1 h, the cells were
washed to remove unbound virus and incubated overnight to allow the infec-
tion and expression of the GFP infection marker. The cells serving as the
negative control were incubated with HBSS only. (A) Images of the cells
treated with SMase and infected with virus, 24 h after virus inoculation. The
infected cells express GFP (top). The cell nuclei were stained with DAPI (bot-
tom). The number of infected cells per total cell count was calculated (right).
(B) SMase treatment affects EBOV GP function. HeLa cells were pretreated
with SMase as above and were inoculated with luciferase-encoding VSV pseu-
dotypes bearing either ZEBOV GP or VSV-G (indicated). After 1 h, the un-
bound virus was removed, and the cells were incubated for an additional 8 h.
Luciferase activity was then measured. (C) SMase treatment reduces sphingo-
myelin raft staining. HeLa cells were treated with SMase as in the infection
assays and then fixed in formalin. The cells were stained using the sphingo-
myelin-binding protein, lysenin, followed by an Alexa Fluor 594 conjugated
anti-lysenin antibody (red). The cell nuclei were stained with DAPI (blue).
The untreated cells were incubated with HBSS only. The images were taken
using a confocal microscope with a 100X oil objective lens. The intensity of the
staining was determined by measuring the intensity of the staining per cell for
5 distinct images of treated and untreated cells with Cell Profiler software and
is shown at right.

Sphingomyelin staining

increasing with time (Fig. 2). Interestingly, the intensity of SM
staining at the cell surface corresponded to the number of the
VLPs bound to the cells within the local area, suggesting that the
VLPs were responsible for the accumulation of SM.

EBOV binding recruits lysosomal ASMase to the cell surface.
Acid sphingomyelinase (ASMase) is an enzyme that hydrolyzes
SM both in lysosomes (where the enzyme is normally found) and
on the outer leaflet of the plasma membrane. For ASMase to access
the SM on the cell surface, lysosomal exocytosis must occur.
ASMase acts by removing the SM phosphocholine head group
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to generate ceramide (57), which is hydrophobic and segregates to
form rigid semicrystalline arrays. If these arrays form on the outer
membrane leaflet, they promote large-scale membrane invagina-
tion, such as macropinosome formation, which can reach up to
400 nm in diameter (59). Recently, EBOV was shown to use mac-
ropinocytosis to enter cells. We therefore tested if, similar to SM,
ASMase was associated with EBOVLPs.

The cells were incubated with VLPs for up to 90 min and then
stained for ASMase. Strikingly, the ASMase staining was observed
in clusters on the cell surface at the sites of VLP binding (Fig. 2).
Because the cells were not permeabilized for this experiment, the
ASMase must have been exposed on the cell surface at the site of
the VLPs. Like SM, ASMase was found to be colocalized with
EBOVLPs from the earliest time point (30 min) to the final time
point (90 min), suggesting that, like SM, the ASMase can be rap-
idly recruited to the site of VLP binding on the cell surface. As with
SM, there appeared to be a correlation between the number of
EBOVLPs bound and the amount of ASMase association. These
findings indicate that ASMase is either recruited to or is already
present at the site of the VLP interaction with the cells. The sub-
strate of ASMase, SM, is also present in the same clusters, close to
the VLPs. Both conditions would be a prerequisite for ASMase to
play a role in EBOV infection.

ASMase activity is required for EBOV infection. Specific
ASMase inhibitors, such as imipramine, desipramine, and ami-
triptyline, are water-soluble compounds that block the function of
ASMase both at the cell surface and within lysosomes. Imipramine
and desipramine were tested at concentrations up to 100 M in
HeLa, HEK293, and Vero cells with similar outcome. In HeLa
cells, both drugs were potent inhibitors of infection and had EC;s
of 3 to 5 uM (Fig. 3A to C). Furthermore, the EC5, for both drugs
was independent of MOI (shown for imipramine in Fig. 3A and
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FIG 2 EBOVLPs associate with sphmgomyehn (SM) clusters and acid sphingomyelinase (ASMase) on the cell surface after VLP binding. GFP-tagged EBOVLPs
(green) were incubated with HeLa cells for 30, 60, or 90 min, washed to remove unbound particles, and fixed in formalin. To identify only cell-surface
interactions, the cells were not permeabilized before staining. SM was stained using the sphingomyelin-binding protein lysenin (red). ASMase was labeled using
an anti-ASMase antibody (cyan), and the cell nuclei were stained with DAPI (blue). The cells were visualized with a confocal microscope with a 100X oil objective
lens. The panels on the left show the merged images from each color channel with individual channels (except DAPI) shown in the panels to the right.

B). Only concentrations greater than 50 wM showed slight toxicity
by the alamarBlue cytotoxicity assay. Amitriptyline was similarly
potent (not shown). Each drug also worked equally well in
HEK293 cells, with similar ECss. In Vero cells, each drug was
effective but less potent, with EC54s 2 to 3 times higher than those
recorded for the HeLa cells (data not shown).

The impact of imipramine on virus propagation was also
tested. For this, cells were incubated with virus for either 1 or 3
days at MOI of 0.15, 0.05, and 0.015. Since one round of replica-
tion is approximately 24 h, 3 days corresponds to 2 complete
rounds of replication. During this time, the spread of virus was
evident and appeared to be mostly by cell-free transmission, as
most infected cells were separated from others and no difference
in the ratio of cell clusters to single cells was seen (Fig. 4A). For
permissive concentrations of drug (=25 uM), a 10-fold increase
in infected cell numbers occurred between day 1 and day 3. The
increase was the same in the presence of the drug and in untreated
cells. Importantly, the 50% inhibitory concentration (ICs) for the
drug remained the same for each time point and virus dose and is
consistent with the drug impacting the entry step of infection.
Again, slight toxicity was seen with doses above 50 wM by alamar-
Blue, but only at 100 pM was cell density changed significantly,
with a 15% reduction in cell numbers seen after the 3-day incuba-
tion.

To test if imipramine altered binding of virus to cells, cells were
incubated in the presence of drug and VLPs for 90 min. Cells were
then imaged as optical z-sections, and the VLPs associated with
each cell were counted. Cells treated with drug or left untreated
had on average 14 and 11 particles per cell, respectively (Fig. 4B),
which was not significantly different as determined by Student’s ¢
test (P > 0.12). We found that drug treatment did not alter the
distribution of ASM or SM on the cell surface (not shown). These
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findings indicated that the effect of imipramine was not through
altering cell binding and uptake.

As a measure of EBOV infection that was not dependent on
GFP expression, we tested the impact of imipramine on viral RNA
replication (Fig. 4C). HeLa cells were treated with 25 uM imip-
ramine dissolved in water, and qRT-PCR was performed using
primers targeting the EBOV nucleoprotein (NP) gene. Compared
with untreated cells, the imipramine treatment reduced the EBOV
NP RNA levels nearly 64-fold. The drug had little impact on
GAPDH or actin mRNA levels.

ASMase requirement for ZEBOV infection is GP specific.
Next, we assessed if the requirement for ASMase in EBOV entry
was GP specific. A recombinant vesicular stomatitis virus with the
native VSV-G replaced by the ORF for firefly luciferase was used to
generate pseudotyped viruses bearing the glycoproteins of EBOV
or VSV. HelLa cells were preincubated for 1 h with 25 wM imip-
ramine, 25 wM desipramine, or 25 nM bafilomycin A prior to the
incubation with each pseudotyped virus. Each of the ASMase in-
hibitors was a potent inhibitor of the EBOV pseudotype, reducing
luciferase activity 1,000-fold compared to background levels (Fig.
4D). For both imipramine and desipramine, the VSV-G pseu-
dotype infectivity was unaffected. In comparison, bafilomycin A,
an inhibitor of the vacuolar H" V-ATPase pump, blocked all
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FIG 4 Imipramine impacts the entry step of EBOV infection. (A) The impact
of prolonged incubation of virus with cells in the presence of drug was tested.
Cells were incubated with EBOV-GFP at the indicated MOI, and then fluores-
cent cells (GFP, top panels) were counted on day 1 or day 3 postinoculation.
Cell nuclei were stained with DAPI and counted (DAPI, lower panels). The
number of infected cells was calculated as a percentage of the total number of
cells (right) for day 1 (open bars) or day 3 (solid bars) for MOI of 0.005 and
0.015. (B) The effect of imipramine on VLP binding to cells was determined by
incubating cells with VLP-GFP particles for 90 min. Cells were treated with
imipramine at 25 pM (+) or left untreated (—). VLPs bound to cells (outlined
by dashed lines and nuclei stained with DAPI, blue) were then counted for
more than 20 cells per condition with the average * standard deviation shown
at right. Each was not significantly different (P > 0.12). (C) EBOV infection
was measured by qRT-PCR. HelLa cells were pretreated with 25 uM imip-
ramine dissolved in water for 1 h prior to the addition of virus and incubated
with the drug overnight. The cells were then collected in TRIzol, and the
relative change in NP vRNA was determined after normalization to GAPDH
levels and to the mock-treated control. (D) Imipramine and desipramine affect
a GP-specific infection step. HeLa cells were pretreated with 25 pM imip-
ramine or desipramine for 1 h before the addition of the pseudotyped VSV
bearing the GP of EBOV or VSV (as indicated) and encoding luciferase as the
infection marker. After an 8-h incubation in the presence of each drug, lucif-
erase activity was measured. Bafilomycin A, an inhibitor of pH-dependent
virus infection, was used as a positive control. The data are shown relative to
the untreated cells and are the averages of at least 3 replicates.

pseudotypes similarly. This is because both viruses must enter an
acidified endosome, from which membrane fusion is triggered, to
initiate infection. Importantly, the disproportionate impact on
the EBOV GP pseudotype demonstrates that EBOV has a strict
and specific dependence on ASMase activity for normal function
of its GP to permit infection of cells.

ASMase siRNA-treated cells resist EBOV infection. To fur-
ther confirm the importance of ASMase for EBOV infection,
siRNAs targeting the ASMase gene (SMPD1I) were used to sup-
press ASMase expression. For 5 distinct siRNAs, ZEBOV-GFP
infection was reduced by at least 67%, with two siRNAs being
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FIG 5 EBOV infection is dependent on ASMase expression. (A) siRNA-me-
diated reduction of the ASMase mRNA results in reduced EBOV infection.
HeLa cells were transfected with 5 siRNAs (labeled 1, 2, 3, 5, and 6) targeting
distinct sites in the lysosomal and secreted forms of ASMase mRNA (SMPD1).
At 48 h posttransfection, the cells were incubated with ZEBOV-GEP for 24 h
(MO], 0.3), and the infection was measured by counting the fluorescent cells
and dividing by the number of total cells stained with DAPI. Ctbp1 siRNA was
used as a positive control, as this siRNA was previously shown to inhibit
ZEBOV-GFP infection (51). AllStars nontargeting siRNA (Qiagen) was used
as a negative control, as were untreated cells (cells only). (B) At the time of
infection, the ASMase mRNA expression in the HeLa cells was determined
using qRT-PCR with SMPD1-specific primers. The fold change in the expres-
sion levels was determined relative to the GAPDH mRNA levels and to cells
transfected with AllStars negative-control siRNA. (C) Primary human fibro-
blasts deficient in ASMase expression (—) or of normal phenotype (+) were
incubated with ZEBOV-GFP for 24 h and fixed in formalin. The infection
efficiency (%) was calculated by counting the GFP-fluorescent cells and divid-
ing by the total number of cells stained with DAPI.
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more potent and blocking infection by >83% in HeLa cells com-
pared to the nontargeting negative control (Fig. 5A and B). Be-
cause ASMase antibodies did not perform well on Western blots,
qRT-PCR was used to determine the impact of each siRNA on the
SMPD1 mRNA levels. Compared to the nontargeting control
(AllStars) siRNA, each siRNA reduced SMPDI1 levels at least
4-fold. Again, as for drugs, treatment with the most active siRNA
did not appear to alter VLP binding to cells (not shown). Attempts
to restore ASMase activity in siRNA-treated cells were con-
founded by the toxicity of the overexpressed protein.

ASMase-deficient cells resist EBOV infection. As another in-
dependent test of ASMase importance for EBOV infection, pri-
mary human fibroblasts defective in ASMase were used. These
cells bear a double heterozygous mutation in the ASMase gene
that results in loss of enzyme activity. The cells were challenged
with ZEBOV-GFP, and infection was measured after 24 h. The
infection was compared with human skin fibroblasts from a donor
with no defect. Consistent with a role for ASMase in infection, the
ZEBOV-GFP infection efficiency was reduced 3-fold in the
ASMase-defective cells compared with the normal fibroblasts
(Fig. 5C). Together with the drug and siRNA treatments, these
findings indicate a strong dependence of EBOV infection on the
presence and activity of ASMase in cells.
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EBOV infection is inhibited by the lysosomal exocytosis in-
hibitor vacuolin-1. The finding that ASMase is present on the cell
surface at the site of the VLP interaction (Fig. 2) suggests that
ASMase is recruited to this location or that VLPs preferentially
associate with ASMase- (and SM)-rich regions on the plasma
membrane. Because ASMase is normally located in lysosomes and
would require exocytosis to become localized to the cell surface,
the role of lysosomal exocytosis in EBOV infection was tested.
Vacuolin-1 is a specific inhibitor of lysosomal exocytosis but does
not affect endocytosis, including macropinocytosis (8). The treat-
ment of HeLa cells with vacuolin-1 led to a potent inhibition of
EBOV infection with an EC5, of 370 nM (Fig. 6A and B). This drug
was extremely well tolerated, with doses as high as 100 wM show-
ing no cytotoxicity by either the alamarBlue assay or the assess-
ment of cell morphology and number (not shown). Similar to the
results obtained with the ASMase inhibitors, this finding was in-
dependently confirmed by qRT-PCR to detect viral genome rep-
lication. Compared with the DMSO-treated control, vacuolin-1
reduced EBOV RNA more than 128-fold (Fig. 6C).

The specificity of the exocytosis inhibitor was further tested by
examining its activity against EBOV GP and VSV-G pseudotyped
virus. As shown in Fig. 6D, 1 uM vacuolin-1 reduced the signal
from the EBOV GP pseudotype to background levels, whereas the
VSV-G pseudotype was unaffected. This finding reveals the strong
and specific dependence of EBOV GP function on the exocytic
activity in the cell. To confirm that the vacuolin-1 treatment was
effective, HelLa cells were treated with 1 wM vacuolin-1 for 2 h
prior to imaging by confocal microscopy. The treated cells pro-
duced numerous enlarged lysosomes, a characteristic of vacu-
olin-1 activity, in contrast to the mock-treated cells (Fig. 6E). Fi-
nally, vacuolin-1 has been shown to specifically inhibit ASMase
translocation to the plasma membrane (4). HeLa cells were incu-
bated with 1 pwM vacuolin-1 for 1 h and then incubated with
EBOVLPs for 60 min in the presence of drug. The cells were then
fixed and stained with lysenin and anti-ASMase antibody. The
cells were not permeabilized to facilitate the observation of the
events occurring only at the plasma membrane. Compared with
the mock-treated cells, vacuolin-1-treated cells had reduced
ASMase staining. In addition, fewer EBOVLPs were bound to
the drug-treated cells. These findings suggest that translocation
of ASMase to the cell surface relies on exocytosis, as expected,
but that the localization of ASMase or other exocytic cargo
impacts the ability of virus to bind to cells.

DISCUSSION

SM is a major component of eukaryotic cell membranes that pref-
erentially associates with cholesterol to form lipid rafts (42, 43).
Previously, the role of rafts was shown to be important for EBOV
infection but was thought to correlate to the cholesterol compo-
nent of the raft (5). These studies involved treating the cells with
MBCD and nystatin, which respectively extract and sequester
cholesterol (5, 47). However, recently, it has been realized that the
treatments used to extract cholesterol or disrupt rafts do not dis-
criminate between the roles of cholesterol and SM. Using atomic
force microscopy, it was shown that MBCD extracted SM along
with cholesterol (19). Photoactivated localization microscopy
with superhigh-resolution microscopy revealed that in HeLa cells
treated with MBCD, the cholesterol-SM rafts disperse and raft-
dependent signaling is lost. However, when cells are treated with
SMase, cholesterol remains, while the SM is hydrolyzed to cer-
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FIG 6 EBOV infection is reduced by the lysosomal exocytosis inhibitor vacu-
olin-1. (A) Vacuolin-1 inhibits EBOV infection. HeLa cells were pretreated
with 1 pM vacuolin-1 in DMSO for 1 h and then incubated overnight with
ZEBOV-GFP in the presence of the drug or DMSO (upper panels). The cells
were fixed, stained with DAPI (lower panels), and then imaged. (B) The cells
infected in the presence of the indicated concentration of vacuolin-1 (open
circles) were counted and divided by the total number of DAPI-stained cells to
give the percent infected. Sigmoidal dose-response curves were fitted to the
data using GraphPad Prism software. DMSO was the drug vehicle and used as
the negative control (filled circles). A representative experiment is shown. The
ECs, was calculated to be 370 nM. (C) EBOV infection was measured by
qRT-PCR. HeLa cells were pretreated with 1 wM vacuolin-1 for 1 h prior to a
24-h incubation with the drug and ZEBOV-GFP (MO], 0.3). The expression of
ZEBOV NP vRNA was measured and normalized to the GAPDH mRNA ex-
pression and to the drug vehicle (DMSO)-treated cells. (D) Vacuolin-1 inhib-
its a GP-specific step during infection. HeLa cells were pretreated with 1 pM
vacuolin-1 for 1 h prior to an 8-h incubation with the drug and luciferase-
expressing VSV pseudotypes bearing either the ZEBOV or VSV glycopro-
teins. (E) Vacuolin-1 causes vesicle accumulation within the cell cyto-
plasm. HeLa cells were treated with 1 M vacuolin-1 or DMSO for 1 h,
fixed, and then imaged using a microscope with differential interference
contrast (DIC) optics and a 100X oil immersion lens. The arrowheads
highlight examples of enlarged vesicles similar to lysosomes previously
reported by others (10). (F) To confirm that vacuolin-1 treatment results in
the recruitment of ASMase to the cell surface, HeLa cells were incubated
with GFP-tagged EBOVLPs (green) for 90 min, washed, and fixed. The cells
were not permeabilized to facilitate observation of the surface localization
of each factor. SM was labeled using the sphingomyelin-binding protein
lysenin (red). ASMase was stained with anti-ASMase antibody (cyan), and
the cell nuclei were stained with DAPI (blue). The cells were imaged by
confocal microscopy using a 63 X objective lens.
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amide and can induce endocytosis (44). Furthermore, nystatin, a
drug that is used to sequester cholesterol in cell membranes,
blocked recruitment of ASMase to the plasma membrane and the
subsequent hydrolysis of SM, which modulates raft size (35).
Thus, MBCD extracts SM along with cholesterol (19), and nysta-
tin, again thought specific for cholesterol, also impacts SM metab-
olism. Therefore, we sought to determine if EBOV infection was
dependent on SM and ASMase activity.

First, we demonstrated that depleting plasma membrane SM
by SMase reduced ZEBOV-GFP infection by more than 50%. This
is a large change, given that cell membrane turnover and SM re-
plenishment from intracellular stores and synthesis are rapid.
Next, using pseudotyped viruses that differed only in their surface
glycoprotein, it was shown that the requirement for SM is specific
for EBOV GP function. Only EBOV infectivity was significantly
reduced in SMase-treated cells, while the VSV-G pseudotyped vi-
rus was unaffected. This result indicates that EBOV GP has a spe-
cific requirement for SM at the plasma membrane whereas VSV-G
does not.

Next, VLPs were used to examine the relationship of virus par-
ticle interaction with cells and the impact on SM and ASMase
localization on the cell membrane. Using immunofluorescence
microscopy to image nonpermeabilized cells, we showed that
ASM, SM, and EBOVLPs colocalize in clusters at the cell surface.
These clusters are seen as early as 30 min after inoculation of VLPs
onto cells but increase over time, suggesting that ASMase is likely
recruited to the plasma membrane by exocytosis.

As SM was required for EBOV infection and because SM,
ASMase, and VLPs are associated together at the cell surface, the role
of ASMase in EBOV infection was examined. Following the treat-
ment of cells with ASMase inhibitors, such as desipramine and
imipramine, infection was completely blocked in a dose-depen-
dent manner. This block was specific, with only the EBOV GP
pseudotyped virus being inhibited and VSV-G pseudotypes re-
maining unaffected. The drug data were further supported when
primary cells deficient for ASMase expression or cells treated with
ASMase-specific siRNA were tested. In both cases, these cells re-
sisted infection by EBOV. For the siRNA, 5 independent siRNA
reduced EBOV infection. The efficacy of the siRNA varied in
terms of reduction of ASMase (SMPD1) mRNA levels (4- to 20-
fold) but were similar in overall suppression of infection (70 to
80%). Aside from some ASMase mRNA still being present, the
residual infection seen in these experiments may result from the
long-lived secretory form of ASMase, which has a half-life of 48 h,
is found nonspecifically associated with the plasma, and functions
at neutral pH. In addition, the membrane-associated ASMase has
similar properties and can function on the plasma membrane after
exocytosis (38, 56). However, the ASMase inhibitor desipramine
only inhibits lysosomal ASMase and not secretory SMase (29). So,
desipramine completely blocking EBOV infection indicates that
secreted ASMase may not be important. In addition to ASMase,
several neutral sphingomyelinases (NSMases) are present within
the cell. These differ from ASMase by cleaving SM at a neutral pH
optimum. In particular, NSM2 is found at the inner leaflet of the
plasma membrane (38) and is important in exosome biogenesis
(39, 53). Preliminary work in our laboratory using NSM2 siRNA
and chemical inhibitors of NSM suggests that NSM may also be
important in EBOV entry, as it is for Sindbis (28) and measles (17)
viruses. However, drugs specific for NSM showed toxicity, and
siRNA gave sporadic efficacy, making it difficult to study.
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Finally, we showed that EBOV infection is completely blocked
by vacuolin-1, a specific inhibitor of lysosomal exocytosis and
ASMase translocation to the plasma membrane (4, 8). This drug
was specific for EBOV GP activity, as infection by VSV-G pseu-
dotyped virus was unaffected after treatment. Vacuolin-1 induced
swelling of lysosomes and accumulation of vesicles within the cell,
which are both characteristic of its action. This treatment also
resulted in fewer VLPs being bound to cells as well as a loss of
ASMase accumulation on the cell surface. These findings indicate
that ASMase migration to the cell surface is dependent on exocy-
tosis and this movement correlates to the number of VLPs bound
to the cell. We do not expect ASMase to be a receptor for EBOV,
and additional work will be needed to determine if VLPs induce
ASMase recruitment or if constitutive exocytic movement of
ASMase from lysosomes to the cell surface is required for VLPs
to bind cells. However, the findings suggest that some cellular
component present in the exocytic pathway needs to be translo-
cated to the cell surface with ASMase to aid in virus attachment to
cells.

The finding that ASMase and SM are important for infection is
compatible with previous findings regarding EBOV infection. In-
teraction of EBOV can occur through several receptor types. One
of these, DC-SIGN (50), is known to interact with ASMase. In the
case of the measles virus, binding DC-SIGN can increase ASMase
activity, which in turn induces lysosomal exocytosis to bring ad-
ditional ASMase to the surface, as well as CD150, an entry receptor
for measles virus (2). Recently, it was shown that Niemann-Pick
Type C1 (NPC1), a predominantly lysosomal transmembrane
protein (37), acts as a virus receptor (7, 9). It is unknown if NPC1
could act at the cell surface to bind EBOV or if the vacuolin-1-
sensitive exocytosis needed for EBOV infection could also bring
NPCI to the cell surface. Interestingly, NPCI is responsible for
trafficking SM from the late endosomes to lysosomes for degrada-
tion by ASMase and to the plasma membrane to replace lost SM
(31). Additionally, in NPCl1-deficient cells, ASMase activity is
reduced by nearly 50%, and increasing ASMase activity by
transfection of expression plasmids can ameliorate the NPC1
lipid trafficking defect (10). These data suggest a strong link
between ASMase, SM, and NPCI function.

Recruitment of ASMase to the plasma membrane by EBOV GP
would have major consequences for virus infection, particularly if
this occurs at the site of bound virus particles. ASMase hydrolyzes
SM to ceramide and phosphocholine. Ceramide is an important
messenger molecule, capable of initiating signaling cascades for
either pro- or antiapoptotic events. Second, ceramide aids in raft
expansion into large macrodomains in which cellular receptors
cluster. Lastly, cleavage of the bulky phosphocholine head group
from SM to release ceramide favors curvature of the membrane
and invagination of the membrane toward the cleaved head group
(54) and, subsequently, macropinosome formation (59). This
outcome is consistent with the finding that EBOV enters cells via
macropinocytosis (46, 47).

Other viruses have been shown to require ASMase activity for
infection. Measles virus and rhinovirus (21) require ASMase for
uptake into cells. Measles induction of ASMase activity is impor-
tant for recruitment of the measles virus receptor CD150 from
LAMP-1-positive vesicles to the cell surface. Similar to what was
seen for EBOV, ASM also moved to the cell surface shortly after
binding of measles virus to cells, colocalizing with CD150 (2).
Rhinoviruses also induce recruitment of ASMase to the cell sur-
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face. This appears to be irrespective of the primary receptor used,
with either LDL- or ICAM-1-binding rhinoviruses inducing
ASMase migration from internal compartments. Again, ASMase
activity was required for virus uptake into cells and infection was
readily blocked by ASMase inhibitors (21). In contrast, Sindbis
virus infection of neuroblastoma cells results in activation of
SMase and precedes cell apoptosis (28). ASMase levels rapidly rise
and peak 1.5 h after infection. Since UV-inactivated virus induces
a similar outcome, the increase is likely due to a virus structural
protein, but it is unclear if GP or another structural protein is
involved. Obvious cell death through apoptosis was not seen in
our work and could be due to cell type differences. However,
EBOV infection of nonhuman primates has been reported to in-
duce apoptosis in T cells, even though these cells are not produc-
tively infected and may lead to lymphopenia (18). It will be of
interest to determine if ASMase activation is one mechanism of
apoptosis induction for EBOV.

Invasion of mammalian cells by N. gonorrhoeae and the intra-
cellular parasite T. cruzi (14, 16) also depends on ASMase activa-
tion and recruitment to the cell surface. For N. gonorrhoeae several
proteins of the colony opacity-associated proteins appear to in-
duce ASMase activity as early as 15 min after inoculation of bac-
teria onto cells (25). Inhibition of ASMase activity and genetic
knockout prevent invasion of nonphagocytic (20) and phagocytic
cells (25). The induction of ASMase activity is also seen together
with induction of exocytosis, which is porin dependent (3), again
showing similarities to what we observed with EBOV. T. cruzi
invades cells by a calcium-dependent mechanism that is closely
related to membrane wound repair (14). Cell membranes are re-
paired by exocytosis of ASMase and lipids from internal stores
(51). The exocytic event is closely coupled with endocytosis as well
as phagocytosis. The increase in membrane turnover aids in seal-
ing membrane breaks. As EBOV appears to induce ASMase accu-
mulation on the cell surface through exocytosis, a similar mecha-
nism of induction may be involved but requires further work to be
fully understood.

ASMase has been shown to be an important factor in the adap-
tive and innate immune responses. It regulates the secretion of
cytotoxic granules in T cells (26), a cell type that is largely incapac-
itated during EBOV infection (55). Furthermore, SM degradation
stimulates monocyte differentiation (36, 41). As monocytes and
macrophages are the primary targets of EBOV infection (6),
EBOV-GP-induced recruitment as ASMase may impact behavior
and differentiation of each of these cell types to alter the immune
response.

In summary, we have identified an important role for ASMase
and its substrate, SM, in EBOV infection. This work was per-
formed with replication-competent ebolavirus at BSL4 and was
supported by mechanistic analysis using pseudotyped virus parti-
cles and VLPs. ASMase appears to be recruited to sites of VLP
binding or may induce binding of VLPs to cells. ASMase can be
brought to the cell surface by an exocytosis-related mechanism (4,
51). This may also bring other endosome-localized proteins to the
cell surface. This mechanism is very similar to that seen for mea-
sles virus, whereby the measles virus receptor CD150 is brought to
the cell surface. It will be important to determine if the mechanism
of recruitment is the same, as this will have implications for devel-
opment of broad-spectrum treatments for viruses and other
pathogens that require ASMase exocytosis for infection. Indeed
our present work shows that vacuolin-1, a potent inhibitor of
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exocytosis, blocks EBOV infection at submicromolar concentra-
tions. It will be interesting to determine if this or related drugs can
be used in preventing infection and spread of virus in vivo.
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