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ABSTRACT Cholesterol has been implicated in various viral life cycle steps for dif-
ferent enveloped viruses, including viral entry into host cells, cell-cell fusion, and
viral budding from infected cells. Enveloped viruses acquire their membranes from
their host cells. Although cholesterol has been associated with the binding and
entry of various enveloped viruses into cells, cholesterol’s exact function in the vi-
ral-cell membrane fusion process remains largely elusive, particularly for the para-
myxoviruses. Furthermore, paramyxoviral fusion occurs at the host cell membrane
and is essential for both virus entry (virus-cell fusion) and syncytium formation
(cell-cell fusion), central to viral pathogenicity. Nipah virus (NiV) is a deadly mem-
ber of the Paramyxoviridae family, which also includes Hendra, measles, mumps,
human parainfluenza, and various veterinary viruses. The zoonotic NiV causes
severe encephalitis, vasculopathy, and respiratory symptoms, leading to a high
mortality rate in humans. We used NiV as a model to study the role of membrane
cholesterol in paramyxoviral membrane fusion. We used a combination of methyl-
beta cyclodextrin (MBCD), lovastatin, and cholesterol to deplete or enrich cell
membrane cholesterol outside cytotoxic concentrations. We found that the levels
of cellular membrane cholesterol directly correlated with the levels of cell-cell
fusion induced. These phenotypes were paralleled using NiV/vesicular stomatitis vi-
rus (VSV)-pseudotyped viral infection assays. Remarkably, our mechanistic studies
revealed that cholesterol reduces an early F-triggering step but enhances a late
fusion pore formation step in the NiV membrane fusion cascade. Thus, our results
expand our mechanistic understanding of the paramyxoviral/henipaviral entry and
cell-cell fusion processes.

IMPORTANCE Cholesterol has been implicated in various steps of the viral life cycle
for different enveloped viruses. Nipah virus (NiV) is a highly pathogenic enveloped
virus in the Henipavirus genus within the Paramyxoviridae family, capable of causing
a high mortality rate in humans and high morbidity in domestic and agriculturally
important animals. The role of cholesterol for NiV or the henipaviruses is unknown.
Here, we show that the levels of cholesterol influence the levels of NiV-induced cell-
cell membrane fusion during syncytium formation and virus-cell membrane fusion
during viral entry. Furthermore, the specific role of cholesterol in membrane fusion
is not well defined for the paramyxoviruses. We show that the levels of cholesterol
affect an early F-triggering step and a late fusion pore formation step during the
membrane fusion cascade. Thus, our results expand our mechanistic understanding
of the viral entry and cell-cell fusion processes, which may aid the development of
antivirals.
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any enveloped viruses require membrane cholesterol for viral binding and entry

into host cells (1, 2). Thus, the role(s) of cholesterol in virus entry has been investi-
gated for several families of enveloped viruses, including DNA and positive RNA
viruses. Similarly, the role of membrane cholesterol in the localization of viral proteins
to liquid-ordered domains for assembly and viral particle release has also been well
studied (3). For example, membrane cholesterol has been reported to have an essential
role in human immunodeficiency virus (HIV) pathogenesis (4, 5). The retrovirus HIV-1
requires cellular cholesterol for viral particles to bind cells and for proper assembly,
budding, and viral internalization (5-8). Herpesvirus requires membrane cholesterol for
particle stability, infectivity, and cell-to-cell transmission of infection (9, 10). The infec-
tivity of the orthomyxovirus influenza A/WSN/33 (H1N1) was reduced by methyl-beta
cyclodextrin (MBCD) in a dose-dependent manner (11). In the Pneumoviridae family, re-
spiratory syncytial virus (RSV) uses cholesterol-rich domains for virus-cell fusion, in
addition to viral particle release (12, 13). The paramyxovirus avian paramyxovirus 1,
also known as Newcastle disease virus (NDV), requires cholesterol in the target cell
membrane for optimal virus entry. However, when cholesterol was directly depleted
from the NDV membrane, entry was not affected. Conversely, NDV particles from cho-
lesterol-depleted cells displayed a reduction in infectivity. Furthermore, cell-cell fusion
in cholesterol-depleted cells was not inhibited (14-16). Cholesterol depletion of canine
distemper virus (CDV) membranes reduced infectivity, while depletion of cellular cho-
lesterol in infected cells reduced syncytium formation. However, cholesterol depletion
in the target membrane did not reduce CDV entry (17). Finally, the infectivity of bovine
parainfluenza virus type 3, human parainfluenza virus type 3, and Sendai virus was
negatively affected by viral membrane cholesterol depletion with MBCD (18-20).

The role(s) of membrane cholesterol in Nipah virus (NiV) membrane fusion has not
been previously explored. Most notably, although significant functions of membrane
cholesterol during viral entry of enveloped viruses have been reported, the precise
mechanistic step(s) by which cholesterol affects cell entry of the enveloped negative-
sense single-stranded RNA viruses, including the paramyxoviruses, remains largely
unexplored. We used NiV as an important model to determine how cholesterol affects
paramyxoviral infections. We explored the role(s) of cholesterol in NiV entry and cell-
cell fusion induced by NiV glycoproteins by performing a series of assays to dissect the
steps of the membrane fusion cascade affected by NiV. Within the Paramyxoviridae
family, NiV is in the Henipavirus genus, which includes 20 newly discovered viruses, pri-
marily in bats (21). NiV causes encephalitis and respiratory disease and has a mortality
rate of 40 to 100% in humans (22, 23). NiV is carried by members of the Pteropus genus
of bats and can infect many mammals, including pigs, horses, dogs, and humans.
Based on its broad mammalian tropism, the lack of an approved vaccine or effective
antiviral therapeutic agent, and its high mortality rate in humans, NiV is classified as a
biosafety level 4 agent (24).

NiV primarily enters cells via virus-cell membrane fusion at the plasma membrane.
Cellular expression of the NiV glycoproteins can induce cell-cell membrane fusion
(syncytium formation) by the cooperation of the attachment (G) and fusion (F) glyco-
proteins. The fusion of virus and host cell membranes is pH independent and begins
with the binding of G to its host receptor ephrinB2 or ephrinB3 (25). Binding of G to
ephrinB2/B3 initiates receptor-induced conformational changes within G, in turn
inducing a conformational cascade in F (26-29). F transitions from its prefusion (PF) to
its prehairpin intermediate (PHI) conformations, causing the fusion peptide to be
inserted into the host cell membrane (30). Next, F progresses to the thermodynamically
stable six-helix bundle (6HB) conformation, a transition that drives membrane fusion.
For membrane fusion to go to completion, several intermediate steps must occur,
including outer leaflet fusion (hemifusion), fusion pore formation, and fusion pore
expansion (31). These critical steps in the membrane fusion cascade are necessary to
initiate the infection of naive cells by either virus entry or cell-cell fusion.

Here, we reveal the role of membrane cholesterol in NiV cell-cell and virus-cell
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membrane fusion. Notably, we also identify the importance of membrane cholesterol
in early and late steps during the membrane fusion cascade. Using a variety of bio-
chemical assays, we determine that not only cell-cell fusion and viral entry but also,
more specifically, the levels of NiV F triggering and the extent of fusion pore formation
are affected when membrane cholesterol levels are altered.

RESULTS

Depleting cellular cholesterol in NiV F/G-transfected cells reduces syncytium
formation. To determine the role of cholesterol in NiV membrane fusion, we first
assessed how lowering cholesterol levels would alter syncytium formation (cell-cell
fusion), an important pathognomonic marker of paramyxoviral and NiV infections (32).
Importantly, we decreased membrane cholesterol levels as biochemically gently as
possible compared to studies performed with other viruses (2, 33, 34). Treatment was
performed at 4 to 6 h posttransfection before syncytia could be visualized. Briefly, we
transfected HEK293T cells with NiV F and G expression plasmids and then treated the
cells with increasing concentrations of MBCD for 1h at room temperature to remove
cholesterol from the cell membranes. MBCD sequesters cholesterol solely from the
plasma membrane, where the majority of cholesterol is found in the cell (35). The cells
were then washed with phosphate-buffered saline (PBS) and allowed to recover from
the relatively harsh MBCD treatment while being incubated with 10 uM lovastatin in
serum-free medium during the remaining hours posttransfection, before cell collec-
tion. Lovastatin treatment was used to inhibit de novo synthesis of cholesterol, and
equivalent dimethyl sulfoxide (DMSO) concentrations were used as mock treatments,
as in previous studies (15, 36-38). The levels of cholesterol decreased with increasing
concentrations of MBCD used such that treatment with 10 mM MBCD and 10 uM lova-
statin resulted in a reduction in membrane cholesterol by 40% (P=0.0002) (Fig. 1A).
Notably, these treatments did not alter the cells’ viability, as determined by a cell-
counting kit 8 (CCK8) cell viability assay at such drug concentrations (Fig. 1B).

Importantly, a reduction in cholesterol levels resulted in a reduction in syncytium
formation, in a dose-dependent fashion, whereby 60% cholesterol correlated with
~30% cell-cell fusion (P<0.0001) (10mM MpBCD), compared to mock-treated cells
(Fig. 1C). Cell-cell fusion was counted as the number of nuclei inside syncytia per ran-
dom field at a x200 magnification and normalized to the levels in mock-treated cells.
Examples of syncytium fields are shown, with examples of syncytium nuclei counted
circled in red (Fig. 1D). After observing that decreasing the concentration of membrane
cholesterol affected the levels of syncytium formation, we then assessed whether
decreased expression of F and G upon cholesterol reduction may be the cause of this
effect. We thus transfected and treated HEK293T cells to express F and G, varied the
cells’ levels of cholesterol as described above, and then measured the levels of cell
surface expression (CSE) of F and G and the ability of G to bind ephrinB2 under
altered cholesterol conditions. We used rabbit polyclonal antibody 835 against NiV F
and an antihemagglutinin (anti-HA) monoclonal antibody to detect HA-tagged NiV G,
as we previously performed (39-41). We observed that cholesterol depletion did not
significantly alter CSE levels of F or G when cotransfected. Furthermore, using puri-
fied soluble ephrinB2 fused to human Fc, we measured the ability of G to bind
ephrinB2, as we previously performed (28, 41, 42). When cotransfected with F, the
ability of G to bind ephrinB2 was unaltered when membrane cholesterol was reduced
(Fig. 1E). We also tested if the levels of F cleavage were altered by cholesterol deple-
tion. We observed that cleavage of NiV F in cholesterol-depleted cells was not altered
compared to mock-treated cells (Fig. 1F). Altogether, these results suggest that
reducing cellular membrane cholesterol decreased the levels of NiV-induced cell-cell
fusion and that such a decrease was not due to altered cell viability, decreased CSE
levels of NiV F or G, decreased levels of F cleavage, or decreased levels of ephrinB2
receptor binding to NiV G.
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FIG 1 Depleting cellular cholesterol reduces cell-cell fusion. (A) The total cellular cholesterol concentration was measured with an Amplex red cholesterol
kit after treatment with MBCD and 10 uM lovastatin. Cholesterol concentrations were normalized to those in mock-treated cells. (B) NiV F/G-transfected
HEK293T cells were treated with increasing concentrations of MBCD and 10 uM lovastatin. Cytotoxic positive-control cells were treated with H,O, at 0.3%.
Viability was quantified with CCK8 that measures dehydrogenase activity in live cells. Cholesterol levels and cell viability were measured 9 to 12h after
treatment. (C) The levels of cell-cell fusion were quantified by counting the syncytia formed. The minimum numbers of nuclei inside syncytia were counted,
considering a syncytium as having 4 or more nuclei within a common cell membrane. Nuclei in syncytia per random %200 field were normalized to the
no-treatment mock control, set at 100%. (D) Representative fields of syncytia, after treatment with 10 mM MBCD and 10 uM lovastatin, circled in red. (E)
The levels of CSE of NiV F after cholesterol depletion were measured using polyclonal rabbit antibody 835 against NiV F (39, 40). G was detected using a
monoclonal anti-HA phycoerythrin (PE) antibody. After the removal of membrane cholesterol, the levels of ephrinB2 binding to NiV G were measured using
soluble ephrinB2 fused to human Fc. (F) Representative Western blot analysis of NiV F expression and cleavage of mock-treated and cholesterol-depleted
cells. Data shown are averages from three independent experiments * standard deviations (SD). Statistical significance was determined with a one-sample
t test. *, P<0.05; **, P<0.01; ***, P<0.001; ****, P < 0.0001; ns, not significant.

Increasing cellular cholesterol in NiV F/G-transfected cells increases syncytium
formation. Since we observed a substantial decrease in syncytium formation in choles-
terol-depleted cells expressing NiV F and G, we then tested if cholesterol enrichment
would have the opposite effect on NiV-induced cell-cell fusion. Thus, we used a combi-
nation of cholesterol/MBCD (at a 1:20 ratio) to increase the concentration of mem-
brane cholesterol (35, 43, 44). With increasing concentrations of cholesterol/MBCD, we
observed a dose-dependent increase in cellular cholesterol of up to ~160% with 5 mM
cholesterol/M BCD treatment compared to the mock treatment (P=0.0006). All the fol-
lowing experiments utilizing cholesterol enrichment were thus performed at this con-
centration (Fig. 2A). Notably, this treatment did not negatively affect cell viability, as
determined by CCK8 (Fig. 2B).

Importantly, treatment with 5mM cholesterol/MBCD also increased the levels of
syncytium formation to ~160% compared to the mock control cells (P=0.0034) (Fig.
2C). Examples of syncytium formation are shown, with examples of nuclei counted
circled in red (Fig. 2D). We then sought to determine if this increase in syncytium for-
mation was caused by increased expression of F or G upon cholesterol enrichment. We
observed that increased levels of syncytium formation were not caused by enhanced
levels of F or G CSE. Furthermore, with the use of purified soluble ephrinB2 fused to
human Fc, we observed that cholesterol enrichment did not alter the ability of G to
bind ephrinB2 (Fig. 2E). We also tested if the levels of F cleavage were altered by cho-
lesterol enrichment. We observed that cleavage of NiV F in cholesterol-enriched cells
was not altered compared to the mock-treated cells (Fig. 2F). Altogether, our data indi-
cated that increasing the concentration of cell membrane cholesterol increased the
levels of NiV-induced syncytium formation but not as a result of altered cell viability,
increased CSE levels of F or G, increased levels of F cleavage, or increased levels of re-
ceptor binding to NiV G.
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FIG 2 Enriching cellular cholesterol increases cell-cell fusion. (A) The total cellular cholesterol concentration was measured with an Amplex red cholesterol
kit after treatment with increasing concentrations of a cholesterol/MBCD (1:20) solution. Cholesterol concentrations were normalized to those in mock-
treated cells. (B) NiV F/G-transfected HEK293T cells were treated with increasing concentrations of cholesterol/MBCD. Cytotoxic positive-control cells were
treated with H,O, at 0.3%. Viability was quantified with CCK8 that measures dehydrogenase activity in live cells. Cholesterol levels and cell viability were
measured 9 to 12 h after treatment. (C) The levels of cell-cell fusion were quantified by counting syncytia. The minimum number of nuclei necessary to be
considered a syncytium was 4 or more within a common cell membrane. Nuclei inside syncytia per random x200 field were normalized to the no-
treatment mock control, set at 100%. (D) Representative fields of syncytia, after treatment with 5mM cholesterol/MBCD, circled in red. (E) The levels of CSE
of NiV F after cholesterol enrichment were measured using polyclonal rabbit antibody 835 against NiV F. G was quantified using a monoclonal anti-HA PE
antibody. After intercalation of membrane cholesterol, the levels of ephrinB2 binding to NiV G were measured with ephrinB2 fused to human Fc. (F)
Representative Western blot analysis of NiV F expression and cleavage after cholesterol enrichment. Data shown are averages from three independent
experiments = SD. Statistical significance was determined with a one-sample t test. *, P<0.05; **, P<0.01; ***, P<0.001; ****, P < 0.0001.

Effect of altering membrane cholesterol on NiV/VSV-pseudotyped virus entry.
As we found that the levels of NiV-induced cell-cell fusion were significantly altered by
the concentration of membrane cholesterol, we then tested whether NiV entry into
cells would also be affected. However, since NiV is a biosafety level 4 pathogen, we
used our established biosafety level 2 NiV/vesicular stomatitis virus (VSV)-pseudotyped
viral infection system to measure NiV entry. NiV/VSV-pseudotyped virions (NiV/VSV)
carry a Renilla luciferase gene as a reporter for infectivity (41, 42, 45). We first asked
whether cholesterol on the viral membranes would alter viral entry. The virions were
treated with either MBCD (10 mM) or a cholesterol/MBCD mixture (5mM) at 37°C for
30min. While the depletion protocol reduced the levels of cholesterol in virions to
~30% (P=0.0094), the enrichment protocol increased the levels of cholesterol in viri-
ons to ~140% compared to mock-treated NiV/VSV (set to 100%) (Fig. 3A). Notably,
cholesterol depletion did not alter the amounts of F and G incorporated onto NiV/VSV.
However, cholesterol enrichment reduced the amounts of F and G on NiV/VSV (Fig. 3B
and Q). The NiV/VSV particles were then serially diluted in infection buffer (PBS plus 1%
bovine serum albumin [BSA]) and allowed to infect HEK293T cells for 2 h. Importantly,
for all our viral entry assays, we used equal inputs of genome copies per infection.
Genome copies were determined using quantitative reverse transcription-PCR, as we
previously reported (41, 45). The levels of viral entry were quantified at 18 h postinfec-
tion, when luciferase expression was measured as relative light units (RLU), revealing
that reducing the cholesterol concentration in the membrane significantly decreased
viral infectivity (Fig. 3D) (P<0.01). However, when considering the lower levels of
incorporation of F and G on the virions (Fig. 3B and C), increasing the cholesterol con-
centration in the virions slightly increased viral infectivity (Fig. 3D). Altogether, our
results indicated that the cholesterol-depleted viral particles yielded reduced levels,
while the cholesterol-enriched virions yielded higher levels, of viral entry into cells.
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FIG 3 Modifying the concentration of membrane cholesterol alters viral particle infectivity. (A) The cholesterol concentration in NiV/VSV-pseudotyped
virions, after treatment, was measured with an Amplex red cholesterol kit. Measurements were normalized to the mock-treated virus (set to 100%). (B)
Western blot of NiV/VSV-pseudotyped virus from mock, cholesterol-depleted, and enriched NiV/VSV probed for NiV F/G glycoproteins. (C) Densitometry of
NiV/VSV glycoproteins normalized to mock-treated NiV/VSV. PC, bald NiV/VSV produced with the pcDNA3.1(+) empty vector. Data shown are averages
from three replicates = SD. (D) Entry into HEK293T cells of NiV/VSV virions whose levels of cholesterol had been modified was measured with a Renilla
luciferase kit (Promega). The RLU were quantified at 18 to 24 h postinfection. Data shown are from one representative of three independent experiments =
standard errors of the means (SEM). (E) Entry of NiV/VSV-pseudotyped virus into HEK293T target cells whose cholesterol levels had been modified. The data
shown are averages from 4 independent experiments = SD. Statistical significance was determined with a one-sample t test. *, P <0.05; **, P<0.01; ***,

P <0.001.

We then asked whether the concentration of membrane cholesterol in the target
cells also affected NiV/VSV entry. We used our cholesterol depletion and enrichment
protocols on the target HEK293T cells and then infected the cells for 2 h with NiV/VSV
at a dilution of 1:4,000 (1.5 x 108 genome copies/ml), which yielded optimal luciferase
activity without reducing cell viability. Measured over several orders of magnitude, we
observed that depleting viral membrane cholesterol concentrations reduced viral
infectivity levels (~40%) (P=0.0002) compared to the mock control cells, while choles-
terol-enriched target membranes significantly increased (~130%) (P=0.0497) NiV/VSV
infectivity (Fig. 3E), at equal genome copy levels. Altogether, our results suggest that
membrane cholesterol in both the virus and host membrane influences NiV glycopro-
tein-mediated membrane fusion.

Effect of membrane cholesterol on the early NiV F-triggering step. Since we
observed that the levels of both NiV-induced cell-cell and virus-cell membrane fusion
were significantly altered by the concentration of membrane cholesterol, we then
examined what step(s) during the NiV membrane fusion process was affected. We first
tested whether the relatively early F-triggering step in the paramyxovirus membrane
fusion process was altered. For this purpose, we used an F-triggering assay that we
previously described (30, 41). Briefly, once G binds ephrinB2, G undergoes conforma-
tional changes that trigger F to transition from its prefusion state to its prehairpin in-
termediate (PHI) conformation, allowing F to insert its fusion peptide into the host
membrane (31). The PHI can be captured with a Cy5-labeled peptide that mimics hep-
tad repeat region 2 of NiV F (HR2-Cy5). To synchronize the membrane fusion process
as much as possible, HEK293T cells transfected to express NiV F and G were collected
at 12 to 14 h posttransfection, resuspended in PBS plus 1% BSA, and incubated for
90 min at 4°C with the NiV F HR2-Cy5 peptide. Incubation at 4°C allowed for G to bind
to ephrinB2 but not for the temperature-dependent triggering of F to the PHI
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FIG 4 The concentration of membrane cholesterol affects the levels of NiV F triggering. The degree of NiV F triggering in cells with altered levels of
membrane cholesterol was determined by the use of a NiV F HR2-Cy5 peptide. The peptide binds to the exposed HR1 during the PHI conformation after
the transition from 4°C to 37°C. Averages from three independent experiments = SD are shown. Statistical significance was determined with a one-sample
t test. *, P<0.05; **, P<0.01. (B) Representative examples of a pulldown of NiV G (HA tagged) and coimmunoprecipitation (Co-IP) of F (Aul tagged) in
transfected HEK293T cells. (C) Avidity was quantified by Western blot densitometry. The levels were calculated as (IP F)/(CL F x IP G) (40, 46). CL, cell

lysates. The averages from four replicates with standard errors are shown.

conformation and/or the F transition from PHI to 6HB to occur. The cells were then
brought to 37°C for 30 min to allow F-triggering to occur, followed by cold PBS wash-
ing and fixation. The levels of HR2-Cy5 bound to the exposed NiV F HR2 in the PHI con-
formation were measured via flow cytometry. Since we observed a reduction in syncy-
tium formation in cholesterol-depleted cells, we expected a decrease in the levels of F
triggering. Interestingly, we observed an inverse correlation between the levels of syn-
cytium formation and the levels of F triggering. The cholesterol-depleted cells had
higher levels of F triggering (P=0.0170), and the enriched cells had diminished levels
of F triggering (P=0.0041), compared to the mock control (Fig. 4). This suggests that a
membrane with reduced levels of cholesterol allowed more NiV F triggering, and vice
versa. Again, these results were counterintuitive compared to the cell-cell fusion levels
obtained as a result of cholesterol depletion or enrichment (Fig. 1 and 2). Thus, we pos-
ited that an additional post-F-triggering step in the membrane fusion cascade must be
affected by membrane cholesterol levels.

Additionally, we performed a coimmunoprecipitation assay to determine if the con-
centration of membrane cholesterol altered the binding avidity of F and G. We pulled
down NiV G with HA beads and coimmunoprecipitated Aul-tagged NiV F (Fig. 4B) (40,
46). We observed that the binding avidities between NiV F and G in cellular mem-
branes with altered levels of cholesterol were not significantly different compared to
those in mock-treated cells (Fig. 4C). Altogether, these results suggest that membrane
cholesterol influences a late step in NiV membrane fusion.

Effect of membrane cholesterol on the late steps of the NiV membrane fusion
cascade. During the membrane fusion cascade, after F triggering, a hemifusion step
(fusion of the outer membrane leaflets of the two lipid bilayers) ensues before full-
fusion pore formation and expansion occur (see Fig. 7). To determine if membrane
cholesterol influences the levels of hemifusion, we performed a heterologous-cell
fusion assay. This assay allowed us to discern the levels of outer leaflet merging
between the effector and target membranes. PK13 cells, receptor negative for
ephrinB2, were transfected to express F and G 24 h before treatment. Next, receptor-
positive Vero cells, stained with CellTracker green, 1,1'-dioctadecyl-3,3,3',3'-tetrame-
thylindocarbocyanine perchlorate (Dil), and Hoechst stain to visualize their cytoplasm,
plasma membrane, and nuclei, respectively, were overlaid onto the treated PK13 cells.
The PK13 (effector) and Vero (target) cells were coincubated for 4 h at 37°C before
being fixed with 2% paraformaldehyde (PFA). The proportions of hemifusion and full
fusion were then quantified for all treatments. Examples of full-fusion and hemifusion
events are shown (Fig. 5A to C). A nonfusion event (Fig. 5A) occurs when the stained
Vero cell is situated on a monolayer of PK13 cells without the spread of the membrane
dye Dil or the cytoplasmic marker CellTracker green. A hemifusion event (Fig. 5B) is
characterized by the spreading of only Dil but not CellTracker green, which reveals
that only the outer leaflets, but not the inner leaflets, of the cells have merged. A full-
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(percent) from a 6-well plate were completely surveyed at a magnification of x40 to determine relative levels of hemifusion and full-fusion events for
each treatment. Data shown represent averaged ratios of hemifusion/full cell-cell fusion with standard errors. (E) Average hemifusion and full-fusion

counts per well with standard errors (n=5).

fusion event (Fig. 5C) is typified by the spread of both Dil and CellTracker green, which
indicates that both leaflets of the target and effector membranes, as well as the
cytoplasm, have merged. We observed that in effector cells with altered levels of
membrane cholesterol, the amount of hemifusion was equal to that in the mock-
treated cells (Fig. 5D). However, since the levels of F triggering were higher in the
cholesterol-depleted cells, the progression to hemifusion must have been reduced if
the overall levels of hemifusion were equal to those in the mock-treated cells.
Conversely, since the levels of F triggering were lower in the cholesterol-enriched
cells, the progression to hemifusion must have been greater if the overall levels of
hemifusion were equal to those in mock-treated cells. Overall, these and the prior
data imply that membrane cholesterol likely affects a critical posthemifusion step.
Membrane cholesterol affects NiV fusion pore formation. We then sought to
determine whether later steps in the fusion cascade were altered, specifically fusion
pore formation and fusion pore expansion. Thus, we performed a dual-split protein
(DSP) assay in which the effector HEK293T cells were transfected with F, G, and half of
the DSP construct composed of luciferase and green fluorescent protein (GFP) reporter
chimeric proteins (47, 48). A construct containing the other halves of the DSP chimeric
protein was transfected into the target HEK293T cells along with an empty vector,
pcDNA3.1(+). Only when the two halves of the complex coalesce, upon fusion pore
formation, could fluorescence or luminescence be detected. Importantly, this DSP
assay is positive when a relatively small fusion pore forms, just large enough for the
protein halves to mix (41). Using this DSP assay, we observed that decreasing mem-
brane cholesterol levels resulted in reduced levels of NiV-induced fusion pore forma-
tion (10mM) (P=0.0002) (Fig. 6A). Conversely, when the concentration of membrane
cholesterol was increased, we observed a significant increase in fusion pore formation
(5mM) (P=0.0120) (Fig. 6B). These results most directly correlate with the phenotypes
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observed in our syncytium and viral entry experiments, suggesting that the fusion
pore formation step is crucial for the results in these two important fusion assays.

DISCUSSION

The role of membrane cholesterol in viral fusion has remained unclear for the para-
myxoviruses. Here, we report for the first time a mechanistic approach toward under-
standing the function of cholesterol in Henipavirus membrane fusion. Essentially, we
observed that cholesterol depletion caused a significant increase in F triggering but a
reduction in fusion pore formation and, ultimately, the formation of fewer syncytia
(Fig. 1C and D, Fig. 4, and Fig. 6A). Conversely, with increased levels of membrane cho-
lesterol, the levels of F triggering decreased, but the levels of fusion pore formation
and the overall levels of syncytium formation increased (Fig. 2C and D, Fig. 4, and Fig.
6B). Altogether, our results suggest that the NiV fusion cascade is strongly influenced
by the levels of membrane cholesterol and that fusion pore formation is key to the
final fusion phenotype of the fusion cascade (Fig. 7A and B).

Several virology studies have utilized MBCD to transport membrane cholesterol
solely to and from the plasma membrane. How these experiments were performed var-
ied significantly. Differences in MBCD concentration, temperature, and duration of
treatment are usually determined by the differences in cell lines (9, 11, 35). Therefore,
we optimized our protocols to ensure that there was no negative effect on cell viability
when our transfected HEK293T cells were treated with MBCD. Several studies have
demonstrated that sequestration of cholesterol can have various effects on paramyxo-
viruses, such as the inhibition of cell-cell fusion, reduction of viral protein expression,
and decreased infectivity of virus particles (14, 15, 17, 20, 37). Additionally, our new
findings indicate that membrane cholesterol performs an essential mechanistic role in
NiV fusion. Importantly, we observed that the expression of NiV F and G was not
altered by a change in the level of membrane cholesterol (Fig. 1E and Fig. 2E). In con-
trast, expression levels of live human parainfluenza 1 and Sendai viruses were signifi-
cantly reduced with cholesterol-reducing agents (37). Notably, our protocol did not
affect the process of NiV F cleavage (Fig. 1F and Fig. 2F). Usually, the removal of mem-
brane cholesterol hinders clathrin-mediated endocytosis, a process that generates the
active, cleaved NiV fusion protein (49, 50). However, since we did not observe a
decrease in NiV F cleavage, we speculate that the incubation period after MBCD treat-
ment allowed for the reestablishment of endocytosis and for NiV F to be cleaved.
Interestingly, a change in the level of membrane cholesterol did not alter the ability of
NiV G to bind ephrinB2, even though some enveloped viruses that utilize host cell
receptors for entry tend to display reduced levels of binding to cholesterol-depleted
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membranes, as was the case for HIV-1, NDV, and CDV (15, 17, 51), and the docking of
RSV to target cells was dependent on cholesterol-rich domains (12).

We observed that decreasing levels of membrane cholesterol resulted in diminished
levels of cell-cell fusion, while an increase in membrane cholesterol increased syncy-
tium formation (Fig. 1C and Fig. 2C). A decrease in syncytium formation, due to choles-
terol sequestration, was also observed among other enveloped viruses such as herpes
simplex virus 1 (HSV-1), CDV, HIV-1, and influenza virus (9, 11, 17, 52) but interestingly
not in cells infected by the paramyxovirus NDV (16). Similarly, an increase in cell-cell
fusion, with the addition of exogenous cholesterol, was observed in HIV-1 and murine
coronavirus infections (52, 53).

A reduction in the cholesterol concentration in the NiV/VSV particles (~6-fold) (Fig.
3D) versus in the target cells (~2-fold) (Fig. 3E) resulted in a reduction in viral entry.
We speculate that this difference in the magnitude of the effect of cholesterol on viral
infectivity when the levels of cholesterol are modified in the virus versus the target cell
is due to differences in membrane lipid and protein compositions as well as membrane
curvature. Conversely, NiV/VSV particles or target cells enriched in cholesterol dis-
played an increase in entry compared to mock-treated NiV/VSV and cells (Fig. 3).
Indeed, the sensitivity of enveloped virus entry to the levels of membrane cholesterol
is nearly ubiquitous (9, 11, 12, 15, 17, 54-56). However, the difference in infectivity,
induced by an alteration of the cellular cholesterol concentration, may partly be due to
the level of endocytosis, which has been shown to affect the internalization of RSV,
NDV, and varicella-zoster virus (55, 57-59). Based on our results, a critical step in the
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fusion cascade was impeded when membrane cholesterol was sequestered and
enhanced with the addition of exogenous cholesterol. To determine the step(s) in the
NiV fusion cascade influenced by the membrane cholesterol concentration, we per-
formed several biochemical assays.

We observed that the triggering of NiV F was inversely proportional to the concen-
tration of membrane cholesterol. This suggests that reducing the concentration of
membrane cholesterol allows the NiV fusion machinery to be more readily activated
and vice versa. Another possible explanation is that in a cholesterol-reduced mem-
brane, triggered NiV F may be locked in the PHI conformation and unable to progress
to the 6HB conformation to merge the membranes. The opposite may occur in choles-
terol-enriched cells, where NiV F may undergo the transition from PF to PHI to 6HB at
an accelerated rate, hence the higher levels of cell-cell fusion compared to mock-
treated cells. This would be detected as a low-F-triggering phenotype in our F-trigger-
ing assay, as the F protein would live in the PHI for a shorter time. Nevertheless, our
data suggest that the fusion cascade proceeds more readily with elevated levels of
membrane cholesterol and less readily when membrane cholesterol is reduced.
Interestingly, our findings differ from those obtained for the alphaviruses Semliki
Forest virus and Sindbis virus, for which fusion protein triggering was promoted by
cholesterol (60). We speculate that this may be due to differences in the conforma-
tional stabilities between the prefusion conformations of alphaviruses and paramyxovi-
ruses. Additionally, we observed that the binding avidities between NiV F and G were
not significantly altered in cells with altered levels of membrane cholesterol compared
to mock-treated cells (Fig. 4B and C).

Furthermore, we tested whether the levels of hemifusion were influenced by mem-
brane cholesterol. Using a heterologous-cell fusion assay, we observed equivalent lev-
els of hemifusion. This indicates that in depleted cells, with greater levels of F-trigger-
ing, the transition to hemifusion from the PHI does not occur as readily, and vice versa.
Nonetheless, the reductions or increases in syncytium formation (Fig. 1C and D and Fig
2C and D) were not due to inhibition or augmentation of the hemifusion step (Fig. 5D).
In contrast to our findings, the levels of hemifusion and hemifusion stalk expansion
were favored in high-cholesterol membranes during influenza virus fusion (61, 62).

We also investigated whether fusion pore formation was affected by cholesterol lev-
els. For this purpose, we utilized a DSP system (41, 48), which has also been used to
study fusion pore formation in HIV-1-induced cell-cell fusion (63). Using this assay, we
observed that cholesterol depletion reduced the levels of NiV-induced fusion pore for-
mation, while increased levels of membrane cholesterol generated higher levels of
fusion pore formation (Fig. 6A and B). We speculate that this is due to the levels of flex-
ibility of the membranes needed during fusion pore formation. Namely, decreased lev-
els of membrane cholesterol may decrease the ability for the effector membrane to
flex to form a fusion pore and vice versa.

In conclusion, we have revealed that NiV cell-cell and viral-cell membrane fusion
was affected by the concentration of membrane cholesterol. Moreover, we demon-
strated that the F-triggering and fusion pore formation steps during the NiV mem-
brane fusion cascade are affected in opposite directions by the sequestration or inter-
calation of cholesterol, with fusion pore formation being a relatively more dominant
phenotype for the overall cell-cell fusion phenotypic outcome. These roles reveal how
components of the lipid bilayer affect the mechanism of NiV membrane fusion.
However, it is not yet known whether this interaction of membrane cholesterol and vi-
ral kinetics is consistent in other paramyxoviruses or at least other henipaviruses. This
study lays the foundation for potential studies of the roles of various membrane com-
ponents and their effects on paramyxoviral and henipaviral infectivity.

MATERIALS AND METHODS

Cell culture. HEK293T, Vero, and PK13 (ATCC) cells were cultured in Dulbecco modified Eagle me-
dium (Life Technologies) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomy-
cin (PenStrep) (Life Technologies). Cells were seeded on poly-L-lysine-coated plates before transfection.
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Plasmids. Codon-optimized sequences for NiV F and G were inserted into pcDNA3.1 expression vec-
tors and tagged with C-terminal Au1 and HA tags, respectively (GenBank accession numbers AY816748
and AY816745).

Modifying the membrane cholesterol concentration. For cholesterol depletion, HEK293T cells
were incubated at room temperature for 1 h with the indicated concentrations of MBCD in serum-free
medium. The cells were then washed with PBS. The cells were then incubated for an additional 9 to 12h
in serum-free medium with a 10 M concentration of lovastatin or DMSO (vehicle control) (Sigma). For
cholesterol enrichment, HEK293T cells were incubated at room temperature for 1h with a solution of
cholesterol/MBCD (1:20) (Sigma) in serum-free medium. Positive-control cells were treated with H,0, at
0.3%. The cells were then washed multiple times with PBS and then incubated for an additional 9 to
12 h in serum-free medium. The total cholesterol concentration in cells was measured using the Amplex
red cholesterol assay kit (Molecular Probes), according to the manufacturer’s instructions. Cell viability
was measured using cell-counting kit 8 (CCK-8), according to the manufacturer’s instructions.

Syncytium quantification. HEK293T cells were seeded onto a 6-well plate and transfected when
the monolayer was 80 to 90% confluent with 2 ug of F and G plasmids (3:1 ratio). Cells were treated
with either MBCD or a cholesterol/M BCD ratio as described above 6 to 8 h after transfection when small
syncytia became visible. Treatment was performed at room temperature for 1h. The cells were then
incubated with lovastatin or the DMSO control for an additional 12 h. Cells were then fixed with 2% PFA,
and syncytium formation was quantified in at least 5 random fields per well, at a x200 magpnification (at
least 15 fields per experimental condition). Syncytium formation was quantified by counting nuclei
inside syncytia per field, whereby four or more nuclei within a cell were considered a syncytium (41, 64).

Quantification of NiV F and G cell surface expression and ephrinB2/G binding by flow
cytometry. HEK293T cells, transfected and treated as described above, were collected at 15 to 18 h post-
transfection. Cells were collected in PBS with 10 MM EDTA by cell scraping. Cells were then pelleted at
250 x g for 5min at 4°C, resuspended in fluorescence-activated cell sorter (FACS) buffer (PBS plus 1%
BSA), and aliquoted into a 96-well plate. Cells were then incubated with a polyclonal rabbit antibody
(835) against NiV F (1:1,000), anti-HA phycoerythrin (PE) antibody to detect HA-tagged NiV G (1:500), and
a soluble recombinant mouse ephrinB2/human Fc chimera (1:1,000) (R&D Systems, MN) for receptor
binding detection, for 45 min at 4°C. Cells were then washed with PBS and incubated with anti-human
Alexa Fluor 647 for ephrinB2 and anti-rabbit Alexa Fluor 647 (1:2,000) for F detection for 1 h at 4°C. Cells
expressing NiV F, G, and ephrinB2 were labeled and analyzed in separate wells. Cells were then washed
twice with PBS, fixed with 0.5% PFA in PBS, and analyzed on a Guava easyCyte 8HT benchtop flow cy-
tometer (40, 41).

Pseudotyped virus production and quantification. Pseudotyped virions containing NiV F and NiV
G were manufactured as previously described (45). Briefly, 15-cm plates of HEK293T cells were trans-
fected at 37°C with NiV F and NiV G plasmids at a 3:1 ratio. Next, at 8 h posttransfection, cells were
infected with recombinant VSV-AG-rLuc. Two hours later, the infection medium was removed, and the
cells were either mock treated in serum-free medium or treated with MBCD. After treatment, the cells
were incubated for an additional 36 h in serum-free medium with either the DMSO control or 10 uM lo-
vastatin. The medium was cleared of debris by centrifugation at 250 x g for 10 min, concentrated on a
20% sucrose cushion in NaCl-Tris-EDTA (NTE) buffer for 90 min at 110,000 x g at 4°C, resuspended in
NTE buffer with 5% sucrose, and stored at —80°C. Quantitative PCR (qPCR) was performed using a
TagMan probe for the VSV genome to quantify viral copy numbers as well as nanoparticle tracking anal-
ysis to confirm particle counts (42).

Renilla luciferase infectivity assays. Wild-type NiV/VSV-pseudotyped virus was treated as stated
above at 37°C for 30 min. The treated virus was then serially diluted in 1% BSA in PBS. The diluted virus
was incubated with HEK293T cells in a 96-well plate for 2 h, followed by the addition of complete me-
dium. The concentration of membrane cholesterol in HEK293T cells was altered as described above. The
cells were then infected with wild-type NiV/VSV-pseudotyped virus for 2 h, followed by the addition of
complete medium. At 18 to 24 h postinfection, cells were lysed using the Renilla luciferase assay
(Promega). One hundred microliters of lysis buffer was added to each well, and the mixture was incu-
bated for 10 min at —80°C. The cells were then placed in a rotating mixer for 20 min to thaw. Thirty
microliters of the lysates was transferred to a transparent black-bottom 96-well plate (Costar). Fifty
microliters of the substrate in assay buffer was added to each well, and luciferase activity was immedi-
ately measured using a Tecan Spark instrument (39, 42).

Heterologous cell-cell fusion assay. PK13 cells that are receptor negative for ephrinB2 were trans-
fected with 2 ug of DNA (4:1 ratio of NiV F/G expression plasmids). PK13 target cells were cholesterol
depleted or enriched in the manner described above. Vero cells were dyed with CellTracker green, Dil,
and Hoechst stain to visualize their cytoplasm, plasma membrane, and nuclei, respectively, before over-
laying. Vero cells were added to PK13 cells, spinoculated at 250 x g for 5min, and incubated at 4°C for
45 min before being incubated for 4 h at 37°C. Cells were then fixed for 30 min in 0.5% paraformalde-
hyde in PBS.

F-triggering assay. HEK293T cells were transfected in 6-well plates (F/G ratio of 1,500 ng/500 ng) for
12 h. Cells were then washed with chilled PBS and resuspended in PBS plus 1% BSA. The HR2-Cy5 pep-
tide was added to the cells to a final 2uM concentration. Next, the cells were incubated at 4°C for
90 min with rotation to allow receptor binding, followed by a 30-min incubation at 37°C to allow F trig-
gering. Next, cells were washed three times with FACS buffer (PBS plus 1% BSA). After the final wash, the
cells were resuspended in FACS buffer and analyzed via flow cytometry to measure the levels of HR2-
Cy5 binding (646 nm) to NiV F in the PHI conformation (30, 41).
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Coimmunoprecipitation. Transfected cells were collected 18 h after cholesterol alteration. Cells
were lifted in cold PBS with a cell scraper. The cell pellet was lysed with 200 ul of lysis buffer and incu-
bated on a rotating mixer for 30 min at 4°C. Thirty microliters of HA decorated microbeads was added to
100 wl of the lysates, and the remaining lysates were analyzed via Western blotting. The cell lysate and
microbead mixture was then loaded onto a microcolumn and washed with 2 ml of lysis buffer, followed
by a single wash with low-salt wash buffer. Protein was eluted off the column with warm elution buffer
and quantified via Western blotting (40, 46).

Dual-split protein fusion assay. HEK293T cells in a 12-well plate were transfected with 1,200 ug of
DNA with F-G-DSP1 (3:1:2). Only the effector cells were treated as described above. The target HEK293T
cells were seeded onto a Perkin-Elmer glass-bottom flat black plate. The target cells were transfected
with 200 g pcDNA3.1-DSP2 (2:1). The cells were treated at 12 h posttransfection, as described above.
The cells were collected and overlaid onto the target cells in the presence of 10 uM EnduRen (Promega)
in serum-free medium. The cells were allowed to fuse at 37°C, and luminescence was detected 8 to 12h
later. Relative light units (RLU) were normalized to the values for mock-treated cells (41).
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