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Role of Transmembrane Protein 16F in the Incorporation
of Phosphatidylserine Into Budding Ebola Virus Virions
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Viral apoptotic mimicry, which is defined by exposure of phosphatidylserine (PtdSer) into the outer leaflet of budding enveloped
viruses, increases viral tropism, infectivity and promotes immune evasion. Here, we report that the calcium (Ca?*)-dependent

scramblase, transmembrane protein 16F (TMEMI16F), is responsible for the incorporation of PtdSer into virion membranes during

Ebola virus infection. Infection of Huh7 cells with Ebola virus resulted in a pronounced increase in plasma membrane-associated
PtdSer, which was demonstrated to be dependent on TMEM16F function. Analysis of virions using imaging flow cytometry revealed
that short hairpin RNA-mediated down-regulation of TMEM16F function directly reduced virion-associated PtdSer. Taken together,
these studies demonstrate that TMEMI16F is a central cellular factor in the exposure of PtdSer in the outer leaflet of viral membranes.
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Ebola virus (EBOV) infection in West Africa during an outbreak
extending late 2013 to early 2016 resulted in 28 616 probable and
confirmed cases of EBOV disease, of which 11 310 fatalities were
reported [1]. EBOV disease is associated with the rapid onset
of nonspecific symptoms that result from multiple abnormali-
ties including hypotension, leukopenia, thrombocytopenia, and
disseminated intravascular coagulation [2, 3]. Furthermore, ele-
vated levels of serum alanine and aspartate aminotransferases
and D-dimers are detected. suggesting extensive liver damage
and blood clot formation, respectively [4, 5]. Lymphopenia is
pronounced in severe EBOV disease, and the extent of the release
of inflammatory mediators known as the “cytokine storm” is
inexorably linked to fatalities in EBOV-infected patients [6-13].

EBOV displays broad tissue tropism and has been shown to
infect multiple cell types in the liver, spleen, adrenal glands, and
other organs [14]. Antigen-presenting cells are targeted early
during infection resulting in significant impairment of both the
innate and adaptive immune responses [15]. Infection of mono-
cytes and macrophages results in the release of proinflammatory
mediators, which is probably a central contributor to the onset
of a cytokine storm [16]. Unlike infection of these antigen-pre-
senting cells, infection of dendritic cells results in their aberrant
maturation, reduced cytokine production, and reduced specific
stimulation of T cells, thus further blunting the initiation of an
adaptive immune response [17-22].
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As the most abundant anionic phospholipid of the plasma
membrane, phosphatidylserine (PtdSer) is segregated within
the inner leaflet during normal cellular conditions [23, 24].
During the later stages of apoptosis, cell stress, cellular activa-
tion or malignant transformation, the loss of PtdSer asymme-
try is commonly observed [25-27]. Mechanistically, the altered
PtdSer profile occurs because of the inhibition of cellular trans-
locases, activation of PtdSer exporters, or increased activity of
lipid-scrambling enzymes, such as scramblases. Significant evi-
dence has demonstrated that virus-associated PtdSer increases
viral infectivity and may broaden viral tropism while provid-
ing virion-associated immunosuppressive functions, which
together have been termed “viral apoptotic mimicry” [28-35].

Asymmetric distribution of phospholipids in lipid bilayers
is commonly observed in endosomal, Golgi, and plasma mem-
brane but not in endoplasmic reticulum (ER)-associated bilayers
[36, 37]. These findings provide evidence of potential viral egress
pathways, which may enable budding virions with an opportu-
nity to gain PtdSer-rich viral membranes. Flaviviruses, which
include dengue virus, have been shown to bud into the lumen of
the ER [38]; the luminal leaflet of the ER membrane is enriched
for PtdSer, possibly indicating how dengue virus obtains its
PtdSer-enriched viral membrane [39]. Several viruses including
influenza virus, measles virus and human immunodeficiency
virus (HIV) have been shown to bud from plasma membrane-as-
sociated regions termed lipid rafts, which in the context of viral
infection are regulated specialized domains that permit associ-
ation of cellular factors with viral proteins to facilitate assembly
and budding, and which are also regions of concentrated PtdSer
[40]. Similarly, EBOV has been shown to bud via elongation from
the plasma membrane-associated lipid rafts rather than internal
membranous organelles [41]. Recent evidence has suggested that
the envelope of EBOV virions is enriched for PtdSer [29, 33].
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Specific cellular factors involved in trafficking PtdSer between
the inner and outer leaflet have been identified, which appear
to be active during specific cellular processes. For instance,
XK-related protein 8 (XKr8) is a plasma membrane-associated
scramblase, which is cleaved during apoptosis by active caspases
3 and 7 [42]. Hence, detection of apoptotic cells using annexin V
probes is dependent on XKr8 phospholipid scrambling activity.
A recent publication indicated that XKr8 may play a role in
PtdSer incorporation into budding virions [43]. Transmembrane
protein 16F (TMEM16F), also known as ANOG, is a calcium-
dependent scramblase associated with PtdSer translocation
during periods of cellular stress [44]. Because TMEMIG6F has
been shown to colocalize with lipid rafts, and EBOV virions are
likely to obtain PtdSer-enriched membranes through budding
via lipid rafts, we investigated whether TMEM16F or the recently
identified factor, XKr8, may influence the relative abundance of
PtdSer associated with viral membranes.

METHODS

Experiments Under Biosafety Level 4 Containment

All work with EBOV was performed within the Galveston
National Laboratory biosafety level 4 (BSL-4) laboratories. Flow
cytometry samples were fixed with 4% buffered paraformalde-
hyde in phosphate-buffered saline (PBS) for 48 hours according
to the University of Texas Medical Branch-approved standard
operating procedure protocol, removed from the BSL-4 labora-
tories, and analyzed at the University of Texas Medical Branch’s
Flow Cytometry Core Facility. Samples for Western blot anal-
ysis were prepared by lysis of cells with 4x sodium dodecyl
sulfate Laemmli buffer, followed by incubation at 95°C for 15
minutes, vortexing, and removal from BSL-4 laboratories. Cells
for confocal microscopy were placed on slides, stained, fixed by
incubation in 4% paraformaldehyde for 72 hours and removed
from the BSL-4 laboratories. Staining and mounting procedures
are described below.

Viruses

Recombinant EBOV, strain Mayinga, expressing green fluo-
rescent protein (GFP) and wild-type EBOV were recovered
from complementary DNA, as described elsewhere [45, 46],
and propagated by 3 passages in Vero E6 cell monolayers. Viral
stocks were quantified by plaque titration in Vero E6 monolay-
ers, as described elsewhere [47].

Parental and Short Hairpin RNA Cell Lines

Huh7 and Vero E6 cell lines were obtained from the American
Type Culture Collection and cultured in Dulbecco modi-
fied Eagle medium and modified Eagle medium, respectively,
supplemented with 10% heat-inactivated fetal bovine serum
(Thermo Fisher Scientific), 1% HEPES (Corning), 1% nonessen-
tial amino acids (Sigma-Aldrich), 1% sodium pyruvate (Sigma-
Aldrich), and 2% PenStrep mix (Thermo Fisher Scientific).
Lentiviral vectors targeting TMEM16F and XKr8 (both from

Santa Cruz Biotechnology) and scrambled short hairpin RNAs
(shRNAs) (Thermo Fisher Scientific) were used to transduce
Huh?7 cells in 6-well plates. After 48 hours, cells were selected
with puromycin at a concentration of 5 pg/mL. The relative
knockdown was determined by Western blotting and decreased
functional analysis, as described in Supplementary Figure 1.

Confocal Microscopy

Huh7 cells (10 000 cells per well) were cultured in a 24-well plate
on positively charged coverslips (Thermo Fisher Scientific) incu-
bated overnight at 37°C. Cells were infected with EBOV at the
indicated multiplicity of infection (MOI) the next morning and
cultured for an additional 48 hours. Cells were washed twice with
PBS and stained with 200 ML of staining buffer (1x annexin V
binding buffer) containing antibodies and annexin V conju-
gates. Rabbit immune serum against EBOV viruslike particles
(VLPs) (Integrated BioTherapeutics) were diluted at 1:100 in
stain buffer and used to stain for glycoprotein (GP). PtdSer was
detected using annexin V-Alexa 647 conjugate (Thermo Fisher
Scientific). After 30-minute incubation at room temperature,
slides were washed 3 times in stain buffer, incubated with the
secondary antibody: donkey anti-rabbit conjugated with Alexa
Fluor 488 (Thermo Fisher Scientific) and/or anti-mouse Alexa
647 (Thermo Fisher Scientific), diluted at 1:200 in stain buffer
for 30 minutes, and washed as described above. Next, cells were
incubated with 6- diamidino-2-phenylindole-dihydrochloride
(Thermo Fisher Scientific) at 1 ug/mL for 2 minutes and washed 3
times in PBS. Slides were then fixed in paraformaldehyde 4% and
removed from BSL-4 laboratories, as described above. Coverslips
were mounted onto microscope slides using PermaFluor mount-
ing medium (Thermo Fisher Scientific) and analyzed using an
Olympus FV1000 confocal microscope. All images were acquired
using a x60 oil objective. Image analysis was performed using
Olympus FluoView viewer software (version 4.2).

Flow Cytometry Analysis

EBOV-infected or mock infected Huh7 cells were harvested,
centrifuged, and stained in 1x annexin V binding buffer with
anti-VLP serum (1:100) and annexin V-Alexa Fluor 647
(1:200). Cells were washed twice in 1x annexin V buffer and
stained with an anti-rabbit Alexa Fluor 488-labeled second-
ary antibody. After staining, cells were washed 3 times with 1x
annexin V staining buffer and fixed in 10% formalin (Thermo
Fisher Scientific). EBOV-GFP was used in parallel to experi-
ments performed using wild-type EBOV, which enabled detec-
tion of the relative percentages of infected cells at the indicated
time points. Flow cytometry was performed using a FACS
Fortessa (BD Biosciences) instrument.

Imaging Flow Cytometry Analysis

Cells were infected, harvested, and stained as described for
flow cytometry experiments above. Hoescht staining was per-
formed to visualize nuclei after fixation of cells (Thermo Fisher
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Scientific). A minimum of 2000 events/images were used for cel-
lular analysis purposes. Analysis of virion-associated PtdSer was
performed after overnight polymer-based (Alstem) precipitation
of virions isolated from cell-free supernatants of the cell lines
indicated in the text. Virions were pelleted at 2000 rpm at 4°C
for 30 minutes and were resuspended in 100 ML of 1x annexin
V staining solution containing anti-VLP serum and annexin V-
phycoerythrin. Labeled virions were then fixed in 10% formalin
and analyzed using an AMNIS Flowsight Imaging flow cytom-
eter (EMD Millipore). The purity of the virions was monitored
and confirmed during imaging flow cytometry experiments with
gating by “aspect ratio” on the y-axis and “area” on the x-axis in
the bright-field channel, using IDEAS version 2.0 software.

Western Blotting

Precast gradient Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis gels were purchased from Thermo Fisher
Scientific. Cell lysates were prepared in 4x Lamenli buffer
(Thermo Fisher Scientific), as required before removal from
BSL-4 facilities. Samples were diluted to 1x in RIPA buffer
before being boiled and loaded onto gels. Separated proteins
were blotted onto nitrocellulose membranes using the I-Blot2
system (Thermo Fisher Scientific). Anti-VLP serum, anti-GP
anti-VP40m and anti-nucleoprotein (NP) antibodies were
purchased from Integrated BioTherapeutics. Glyceraldehyde
3-phosphate dehydrogenase antibody was purchased from
Thermo Fisher Scientific. Anti-ANO6 (TMEM16F) antibody
was purchased from Sigma-Aldrich, anti-XKr8 antibody
from Invitrogen, and secondary antibodies from Santa Cruz
Biotechnology. Blocking and staining was performed with
BLOTTO Blocking Buffer (5% milk in PBS-Tween).

Drug Inhibitors

R5421 was purchased from Endotherm, A23187 from Sigma-
Aldrich, and  1,2-bis(o-aminophenoxy)ethane-N,N,N,N’-
tetraacetic acid (BAPTA) from Thermo Fisher Scientific. All
drugs were initially dissolved in dimethyl sufoxide and used at
the concentrations indicated in the figures.

Statistical Analysis

Each experiment was performed in triplicate to rule out experi-
mental bias or random error. Data were analyzed using statisti-
cal methods described in figure legends using GraphPad Prism
6 software. Differences were considered statistically significant
at P <.05. Mean and standard errors of the mean were calculated
for all graphs.

RESULTS

PtdSer Exposure During EBOV Infection: Dependence on TMEM16F

Our initial studies investigated whether EBOV infection
itself could increase the relative levels of plasma membrane-
associated PtdSer. As shown in Figure 1A, EBOV infection
had a profound effect on plasma membrane-associated PtdSer

levels, as determined by confocal microscopy. Virtually no
significant annexin V staining was observed in mock-infected,
Huh7/shScramble control cells; however, the outer leaflet of the
plasma membrane of EBOV-infected cells was clearly delineated
by annexin V staining. A near-uniform increase in annexin V
staining was observed specifically in cells positive for the EBOV
sole envelope GP (GP* cells), whereas annexin V staining on
uninfected cells (GP~) was nearly completely absent.

To determine the role of the previously described cel-
lular scramblases on virus-induced cell surface transloca-
tion of PtdSer, Huh7-based cell lines expressing shRNAs for
XKr8, TMEMI16FE, and scrambled shRNAs were selected and
expanded after culture in the presence of puromycin. The rel-
ative decrease in expression levels and known functional activ-
ities (eg, calcium ionophore induction of PtdSer flippling) was
determined before experimentation with EBOV to demonstrate
consistency of our cell lines with findings published elsewhere
(Supplementary Figure 1A and 1B). Unlike the control scram-
bled shRNA cell line, knockdown expression of TMEM16F
resulted in the near-complete absence of detectable cell sur-
face-associated PtdSer in EBOV-infected cells (Figure 1B). The
relative level of annexin V staining on GP* Huh7/shXKr8 cells
(Supplementary Figure 1C) was equivalent to that observed in
GP* Huh7/shScramble cells (Figure 1A).

These results were further confirmed by analysis of cells with
imaging flow cytometry using an AMNIS system, which com-
bines flow analysis with fluorescent microscopy. Representative
images of mock-infected and EBOV-infected Huh7/shScram-
ble and EBOV-infected Huh7/shTMEMI6F are shown in
Figure 1C. Examination of the GP expression profile in
EBOV-infected Huh7/shScramble and EBOV-infected Huh7/
shTMEMI16F cells demonstrated that decreased expression of
TMEMIG6F resulted in a minor reduction in GP when cells were
infected at an MOI of 1 plaque-forming unit/cell for 48 hours
(Figure 1D); however, the relative translocation of PtdSer to the
outer leaflet of the plasma membrane was significantly reduced
in the TMEM16F shRNA cell line (Figure 1D). Taken together,
these findings indicate that TMEM16F expression is responsi-
ble for the EBOV-induced translocation of PtdSer to the outer
leaflet of infected cells.

EBOV Infectivity Reduced by Disabling of TMEM16F

As EBOV virion-associated PtdSer has been shown to increase
viral infectivity, we investigated the ability of EBOV derived
from Huh7/shScramble and the Huh7/shTMEM16F cell lines
to spread between cells. To observe spread of infection to unin-
fected cells, EBOV propagated in wild-type Vero E6 cells was
added at a low MOI of 0.3 plaque-forming unit/cell, and cells
were incubated for 48 hours. As shown by confocal micros-
copy in Figure 2A, a clear reduction in spreading infection was
observed in Huh7 cells, in which TMEMI16F expression was
knocked down by shRNAs. Using a recombinant infectious
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Figure 1.  Ebola virus (EBOV)-induced extracellular expression of phosphatidylserine (PtdSer) is dependent on transmembrane protein 16F (TMEM16F) function. Huh7 cells
were transduced with lentiviral vectors encoding scrambled short hairpin RNA (shRNA) (Scr) or shRNAs specific for TMEM16F and infected with EBOV at a multiplicity of
infection of 1 plaque-forming unit/cell. A, B, Translocation of PtdSer to the outer leaflet of the plasma membrane in EBOV-infected Huh7/shScramble (A) or Huh7/shTMEM16F
(B) cells. Targeted knockdown of TMEM16F results in decreased levels of plasma membrane-associated PtdSer (scale bar represents 30 um). C—£, Imaging flow cytometry
analysis of mock-infected and EBOV-infected shRNA cell lines. C, Representative images of mock-infected and EBOV-infected Huh7/shScramble and Huh7/shTMEM16F cell
lines. The merged image is based on glycoprotein (GP), annexin V, and 4’,6-diamidino-2-phenylindole (DAPI). D, Relative levels of EBOV GP (/eft) and annexin V staining (right)
of mock-infected and EBOV-infected Huh7/shScramble and Huh7/shTMEM16F cell lines. See Supplementary Figure 28 for gating strategy. Panels A and B are representative
of 1 of 7 and panels Cand D are representative of 1 of 3 independent experiments. Abbreviations: BF, bright field; SSC, side scatter.

EBOV expressing GFP from an added gene (EBOV-GFP) [45], Compared with the Huh7/shScramble control cell line, the per-
we determined the relative infectivity rate of virus propagated centage of GFP* cells was significantly reduced 48 hours after
in the Huh7/shScramble and Huh7/shTMEMI16F cell lines. infection in the Huh7/shTMEMI1G6F cell line (Figure 2B). Of
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Figure 2.

Blocking transmembrane protein 16F (TMEM16F) function reduces the levels of viral membrane-associated PtdSer leading to decreased infectivity. A, Huh7/short

hairpin (sh)Scramble, Huh7/shTMEM16F and XK-related protein 8 (XKr8) cell lines were mock infected or infected with Ebola virus (EBOV) at a multiplicity of infection (of 0.3
plaque-forming unit /cell for 48 hours. Cells were stained for EBOV glycoprotein (GP) to determine the relative number of infected cells. (Scale bar represents 40 um). B, Cells
were infected with EBOV expressing green fluorescent protein (GFP) and analyzed by flow cytometry to determine the relative percentages of infected (GFP*) cells at 24 and
48 hours. C, Amount of viral proteins in lysates and supernatants determined at 48 hours in Huh7/shScramble or Huh7/shTMEM16F shRNA cell lines. [, Supernatants from
Huh7/shScramble and Huh7/ shTMEM16F cells were added to Vero E6 cells for 20 hours to determine the relative production of infectious virus. Means shown in graphs
are from triplicate samples, with standard deviations and are representative of 3 independent experiments, *P < .001 (Student t test). Abbreviations: DAPI, 4’ 6-diamidi-

no-2-phenylindole; Scr, scrambled shRNA.

Huh7/shScramble cells, 58% were infected (GFP*), compared
with only 21% of Huh7/shTMEM16F cells. The level of annexin
V expression on Huh7/shXKr8 cell line was similar to that
observed in Huh7/shScramble cells (Supplementary Figure 2A
and 2B). The observation was further supported by flow cytom-
etry findings (Supplementary Figure 1D).

Analysis of cell lysates and supernatants revealed that both
intracellular and extracellular viral content were significantly
reduced in samples collected from the Huh7. TMEM16F shRNA

cell line, compared with those obtained from Huh7/shScramble
cells (Figure 2C). As the spread of viral infection was significantly
reduced, the reduction in viral protein content is most likely a
reflection of the decreased rate of infection and not due to a direct
reduction in viral replication within infected cells. Consistent
with the decrease in viral proteins in supernatants, equal volume
infection of Vero E6 cells with cell-free supernatants revealed a
significantly reduced viral titer in supernatants harvested from
EBOV-infected Huh7. TMEMI16F cells (Figure 2D).
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Although reduced PtdSer translocation to the plasma mem-
brane during EBOV infection was observed in the TMEMI16E
shRNA cellline (Figure 1B), it is feasible that viral membrane-as-
sociated PtdSer may remain unabated in EBOV particles during
viral egress. Hence, to determine whether the observed decrease
in infectivity coincided with reduced virion-associated PtdSer,
we examined the relative incorporation of PtdSer into the outer
leaflet of the viral membrane, using an imaging flow cytometry
assay developed with EBOV VLPs (Supplementary Figure 3).
Although the magnification of the AMNIS system is well below
that required to visualize individual viral particles, we took an
approach similar to that used to analyze features of exosomes
[48], which are smaller than EBOV virions (30-120 vs 80 nm x
1000 nm, respectively) [49]. Huh7/shScramble and Huh7/shT-
MEMIG6F cell lines were infected with EBOV at an MOI of 0.3
plaque-forming unit/cell and cultured for 72 hours. Virions in
cell-free supernatants were precipitated and resuspended in
annexin V staining buffer, stained for GP and annexin V, fixed,
and analyzed by imaging flow cytometry.

As shown in Figure 3A, individual particles were readily
detectable by bright-field analysis, and a 4-5-fold decrease
in the relative ratio of annexin V to GP was clearly visible
in virions purified from Huh7/shTMEMI16F compared
with Huh7/shScramble cells. The GP* population was then
gated (Figure 3B) and subsequently analyzed for the relative
levels of PtdSer incorporation into viral membrane using
annexin V staining (Figure 3C). A clear reduction in virion-
associated PtdSer was observed in virions derived from
Huh7/shTMEMI16F cells compared with virus isolated from
Huh7/shScramble cells. These findings parallel the results
from Figure 1, which demonstrated a decrease in cell surface
staining of annexin V in Huh7/shTMEMI16F cells and suggest
that PtdSer incorporation into virions is the result of increased
plasma membrane-associated PtdSer.

Blocking Ca?-Dependent Signaling and Pharmacological Inhibition of
TMEM16F Reduces PtdSer Translocation During EBOV Infection
TMEMIG6F function is dependent on an increase in cytosolic
Ca?* levels [44]; hence, blocking or reducing intracellular cal-
cium levels was expected to reduce PtdSer translocation during
EBOV infection. Using the cell-permeable calcium chelator,
BAPTA AM, to reduce cytosolic Ca?* levels, we observed a sig-
nificant decrease in plasma membrane-associated PtdSer after
EBOV infection, compared with untreated, EBOV-infected
Huh7 cells, by both confocal microscopy and flow cytometry
(Figure 4A-4C).

Although the decrease in annexin V expression in BAPTA
AM-treated cells suggests that the translocation of PtdSer
observed during EBOV infection is calcium dependent, it
does not specifically verify the role of TMEM16F as observed
by shRNA knockdown in Figure 1. Therefore, a previously
described inhibitor of TMEM16F, R5421 [50], was used to
further verify the specific role of TMEM16F in the observed
EBOV-induced translocation of PtdSer. Huh7 cells were
treated with various concentrations of R5421, incubated
for 48 hours, stained with annexin V, and analyzed by flow
cytometry. A clear dose-dependent decrease in annexin V
staining was observed when Huh7 cells were infected with
EBOV at increasing concentrations of R5421 (Figure 5A).
Consistent with a decrease in annexin V staining resulting
in decreased viral infectivity, the overall percentage of
EBOV-infected, GFP* Huh7 cells also decreased in a dose-
dependent manner (Figure 5B). Similarly, infection of Vero
E6 cells with cell-free supernatants collected from Huh7 cells
treated with R5421 exhibited a significant reduction in viral
titers (Figure 5C). These results further demonstrate that role
of TMEMI16F in EBOV-induced exposure of membrane-
associated PtdSer and demonstrate its importance in
promoting viral infectivity.
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Figure 3. Blocking transmembrane protein 16F (TMEM16F) function reduces the levels of viral membrane-associated PtdSer, leading to decreased infectivity. A,
Representative images from imaging flow cytometry analysis of virions purified from Huh7/short hairpin (sh)Scramble and Huh7/shTMEM16F Ebola virus (EBOV)-infected
cells. The merged image is based on GP and annexin V. B, Relative glycoprotein (GP) expression profiles. C, Relative annexin V incorporation in GP* population. Abbreviations:

BF, bright field; Scr, scrambled shRNA.
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Figure 4.  Blocking calcium (Ca*)-dependent signaling reduces annexin V exposure during Ebola virus (EBOV) infection. The addition of calcium chelator (BAPTA) was used
to block calcium-dependent translocation of PtdSer; findings shown represent 1 of 2 independent experiments. A, The extent of PtdSer translocation analyzed by confocal
microscopy (scale bar represents 10 um). B, Histograms depicting relative annexin V levels analyzed by flow cytometry. Gate shown was used to compare expression levels. C,

Graphic representation of the percentage of annexin V* cells from flow cytometry samples in panel B. Mean values are shown for triplicate samples, with standard deviations.
"P< .01 (Student ttest). Abbreviation: DAPI, 4 6-diamidino-2-phenylindole.

To determine whether PtdSer translocation is dependent on the viral membrane, VP40, incubated for 48 hours, stained with
expression of a specific viral protein, Huh7 cells were transfected ~ annexin V, and analyzed by flow cytometry. As observed in
with plasmids encoding individual viral proteins including nuc- Figure 6, transfection with GP or VP40, but not NP, resulted
leoprotein (NP), GP, or the major matrix protein located under in significant increase in plasma membrane-associated PtdSer
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Figure 5. Blocking transmembrane protein 16F (TMEM16F) function with R5421 reduces viral infectivity. A, Huh7 cells were treated with an increasing concentration
of R5421 to determine whether blocking TMEM16F reduces plasma membrane-associated phosphatidylserine after Ebola virus (EBOV) infection. Cells were incubated for
48 hours, stained with annexin V and analyzed by flow cytometry. B, Percentages of cells expressing green fluorescent protein (GFP) at 48 hours after EBOV infection of
mock-infected or R5421-treated Huh7 cells. C, Viral production from R5421-treated Huh7 cells was determined by adding cell-free supernatants to Vero E6 cells. At 20 hours
after infection, cells were fixed and analyzed for GFP expression by flow cytometry. Means shown in graphs are from triplicate samples, with standard deviations; results are
representative of 3 independent experiments. "P< .01; TP< .001. Abbreviation: NS, not significant (Student ¢ test).
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Figure 6. Viral protein dependent translocation of annexin V. Relative annexin V
staining induced by transfection of Huh7 cell lines with plasmids encoding individ-
ual viral proteins determined by flow cytometry 48 hours after transfection. Western
blot analyses were performed to verify expression of viral proteins glycoprotein
(GP), VP40 and nucleoprotein (NP) (lower panel). Means and standard deviations
are shown for triplicate samples from 1 of 2 independent experiments. “P < .001
(knockdown cell line vs mock-infected cells); TP < .001 (viral protein expression
compared with corresponding mock-infected sample for a given cell line); NS, not
significant (Student ¢ test). Abbreviations: GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; TMEM16F, transmembrane protein 16F;, WT, wild type; XKr8,
XK-related protein 8.

in Huh7/shScramble cells. A notable decrease was observed
by flow cytometry in Huh7/shTMEMI16F cell line transfected
with GP or VP40, whereas minor to no significant changes were
observed in the Huh7/shXKr8 cell line. Taken together, these
results confirm the role of TMEMI16F in EBOV-induced trans-
location of PtdSer to surface of infected cells and demonstrate
that viral GP and VP40 antigens trigger the translocation of
PtdSer to the outer leaflet of the plasma membrane.

DISCUSSION

To date, the mechanism by which enveloped viruses that bud
from the plasma membrane obtain viral membranes enriched
with PtdSer in their outer leaflet remains largely unknown
[51]. In the current study, we investigated the mechanism by
which budding EBOV virions obtain viral membranes enriched
with PtdSer in the outer leaflet. We have shown that infection
of Huh?7 cells results in a pronounced increase in extracellular
PtdSer and, as shown in Figures 1 and 2, the Ca?*-dependent
scramblase, TMEM16E, is primarily responsible for this occur-
rence (a proposed model is shown in Figure 7).

Although minimal effects of the membrane-associated
scramblase XKr8 were observed in these studies, a recent
publication by Nanbo et al [43] demonstrated that XKr8 may

contribute to the incorporation of PtdSer into budding viri-
ons. We cannot rule out the possibility that, in conditions of
prolonged culture or in other cell types, this scramblase may
play a role in PtdSer incorporation into virions. It is possible
that use of the surrogate nonpathogenic system, representing
VLPs, which include only 3 (GP, VP40, NP) of 7 EBOV proteins
in the study by Nanbo et al [43], contributed to the differences
observed in these studies.

As we compared the roles of both TMEM16F and XKr8 in
head-to-head experiments, our results clearly indicated that
TMEMI16F plays a more prevalent role in our experimental
model. As indicated in Figure 1 and Supplementary Figures 1C
and 2, shRNAs targeting XKr8 did not result in a significant
reduction of membrane-associated PtdSer in EBOV-infected
cells, whereas in TMEM16F knockdown cells PtdSer was almost
undetectable. In addition, the infectivity of virus propagated in
XKr8 cells was not significantly reduced compared with virus
harvested from the TMEM16F shRNA cell line (Figure 2B and
2D). Because XKr8-mediated exposure of PtdSer occurs during
the late stages of apoptosis [42], it is likely that other cellular
factors, such as TMEMIGEF, are involved in PtdSer cell surface
exposure and subsequent virion incorporation as a consequence
of cell stress during peak viral replication.

We showed that PtdSer exposure during EBOV infection is
dependent on calcium, because the use of BAPTA, a calcium
chelator, significantly reduced plasma membrane-associated
PtdSer (Figure 4). Because XKr8 function is calcium indepen-
dent [39], it is likely that the contribution of XKr8 to the enrich-
ment virion-associated PtdSer would be limited. Decreased
TMEMIG6F expression resulted in a significant reduction in
virion-associated PtdSer, which led in turn to a concomitant
significant reduction in viral infectivity (Figure 3). Our results
suggest that interfering with TMEMI16F function may be of
therapeutic value, given that R5421 was shown to reduce viral
infectivity (Figure 5). However, because relatively little is known
about TMEMI16F function across various cell types, further
investigation is needed into the cellular processes affected by
inhibiting TMEM16F function.

Viral apoptotic mimicry, which is defined by the exposure
of PtdSer on the outer leaflet of the viral membrane, has been
proposed as a mechanism for virus entry, binding and immune
evasion [51]. Our findings suggest that incorporation of PtdSer
into the outer leaflet of the viral membrane is a by-product of cell
stress, which results from the expression of viral antigens, specifi-
cally GP and to a lesser extent VP40. The viral envelope proteins of
several viruses, including hepatitis C virus, herpes simplex virus,
and HIV, have been shown to increase intracellular Ca?* levels by
inducing ER stress [52-54]. This is consistent with our findings
that demonstrated transient expression of GP increased cell sur-
face expression of PtdSer via a calcium-dependent mechanism.

A previous study demonstrated that EBOV infection of
Vero E6 cells does not lead to translocation of PtdSer, despite
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Figure 7. Schematic representation of the role of transmembrane protein 16F (TMEM16F) in the incorporation of phosphatidylserine (PtdSer) into budding virion mem-
branes. Steps are as follows: (1) glycoprotein (GP) expression in the endoplasmic reticulum (ER) activates the ER stress response; (2) increased intracellular calcium (Ca?*)
levels trigger TMEM16F activation; (3) TMEM16F mediates translocation of PtdSer from the inner to the outer leaflet of the plasma membrane; (4) PtdSer translocation and
Ebola virus (EBOV) budding occur within the lipid raft regions of the plasma membrane. Also shown are the cellular targets inhibited by BAPTA and R5421. Abbreviation: PM,

plasma membrane.

detection, albeit at a low level, of cleaved caspase 3 and apop-
totic poly(adenosine diphosphate ribose) polymerase 1 [55].
The discrepancy of these data and our data can be related to
cell-specific differences; for example, in Vero cells, which are
deficient in type I interferon, apoptosis is delayed [56], whereas
in our study, interferon-competent Huh7 cells were used.
Another study demonstrated that expression of EBOV VP40
protein triggers an increase in host cell cytoplasmic Ca?* levels
[57], which indirectly supports our proposed model in which
internalization of EBOV particles and/or expression of EBOV
proteins triggers release of intracellular Ca**, leading to activa-
tion of TMEMI16F and subsequent externalization of PtdSer.

In a larger context regarding the role of PtdSer in apoptotic
mimicry, it remains to be determined whether virion-asso-
ciated PtdSer on its own can modify the immune response, a
question that has been indirectly raised elsewhere [39]. It has
been suggested that PtdSer in virion envelopes suppresses the
inflammatory response by binding to PtdSer receptors, such as
the T-cell immunoglobulin and mucin (TIM) family of recep-
tors on phagocytic cells [58]; however, in the context of T cells,
both anti-TIM-1 (TIM-1) antibodies and EBOV-associated
PtdSer were shown to result in activation and secretion of cyto-
kines [59, 60]. Given that copious amounts of inflammatory
mediators are released during EBOV infection, resulting in the
onset of the “cytokine storm” phenomenon [61], it is difficult
to speculate how virion-associated PtdSer, as well as the exten-
sive amount of PtdSer-enriched apoptotic bodies that exist due
to massive, bystander-mediated cell death [7], contribute to
immune suppression.

Indeed, several lines of evidence suggest that TIM-1 pos-
sesses a dual role in regulation of T-cell-mediated inflamma-
tory responses, which includes both activation and suppression
[62]. TIM-1 may play a role as a costimulatory molecule in
T-cell activation or transduce inhibitory signals that block effec-
tor T-cell function [59, 63, 64]. Hence, the outcome of PtdSer
signaling is probably dependent on costimulatory signals. It
remains to be determined whether and how blocking PtdSer
expression on the outer membrane of virions may have a ben-
eficial outcome beyond reducing viral infectivity, which was
observed in the current study.

In conclusion, in the current study, we identified TMEM16F
as the calcium-dependent cellular factor responsible for the
increased enrichment of PtdSer within the envelope of budding
EBOV virions. We showed that decreasing the rate of PtdSer
incorporation into virions using shRNAs or pharmacological
inhibition of TMEMIG6F function significantly decreases viral
infectivity.
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