
















and the presence of electron-dense virions. VPs are produced by bud-
ding into the ER, and the abundance of these structures can be quan-
tified by transmission electron microscopy in flavivirus-infected cells
(55). According to this view, these structures were analyzed to directly
evaluate the effect of nSMase inhibition on viral budding. The mean
diameter of the virus-induced vesicles detected inside the VPs (about
80 nm) in control and GW4869-treated cells was indistinguishable
(Fig. 7F). However, when the number of vesicles inside VPs was
scored, a significant reduction in the number of vesicles inside each
VP in GW4869-treated cells relative to the number in control infected
cells was noted (mean numbers of vesicles per VP, 1.9�0.2 and 5.8�
0.6, respectively; Fig. 7G), supporting the suggestion that viral bud-
ding into the ER was reduced upon inhibition of nSMase function.

DISCUSSION

Our results illustrate the alteration of the content of a wide
variety of lipid metabolites in WNV-infected cells. The increase

in the cellular content of PC, lysophospholipids (lyso-PC), SM,
and CER in HeLa cells infected with WNV is consistent with
previous results with mosquito cells infected with DENV (26).
Our analysis also revealed the enrichment of p-PC, p-PE, and
dhCER in WNV-infected cells. Apart from PC, which is a cy-
lindrical lipid, the rest of the lipids whose levels were found to
be increased in WNV-infected cells were conical. The increase
in the levels of these conical lipids could be related to their roles
in the establishment and maintenance of the cellular mem-
brane curvature necessary for proper viral replication complex
assembly, as well as for virion envelopment. The enrichment of
unsaturated PC species in DENV-infected cells has been sug-
gested to be associated with the development of more fluidic
membranes (26). Supporting this idea, all PC species whose
levels were increased in WNV-infected cells were unsaturated.
Likewise, the observed enrichment of SLs (CER, dhCER, and
SM) in WNV-infected cells is also compatible with the require-

FIG 5 Impairment of nSMase function inhibits the release of RSPs. (A to C) Treatment with the nSMase inhibitor GW4869 (A), spiroepoxide (B), or
glutathione (C) impairs the release of RSPs by HeLa3-WNV cells. The content of RSPs in the culture medium of cells treated (for 4 h) with the drugs was
determined by enzyme-linked immunodot assay using a monoclonal antibody against the E glycoprotein. The amount of RSPs determined by enzyme-
linked immunodot assay was quantified, and the cellular ATP content for each drug concentration is shown in the graphs. (D) Depletion of nSMase2 by
RNA interference. HeLa3-WNV cells were transfected with universal negative-control siRNA or with siRNA against nSMase2 for 48 h, and the amount of
nSMase2, E glycoprotein, and �-actin in cell lysates was analyzed by Western blotting using specific antibodies. RSP release into the culture medium after
4 h of incubation in cells transfected for 48 h with siRNA was analyzed by enzyme-linked immunodot assay using an anti-E antibody. (E) Quantification
of the amount of RSPs released into the culture medium by HeLa3-WNV cells transfected with siRNA control or against nSMase2 from panel D. The
cellular ATP content for each drug concentration is shown as an indicator of cell viability upon drug treatment. (F) Immunofluorescence analysis of the
expression of the WNV E glycoprotein in HeLa3-WNV cells transfected with siRNAs. HeLa or HeLa3-WNV cells transfected as described in the legend to
panel D were subjected to immunofluorescence analysis using an antibody directed against E glycoprotein (green) and observed by confocal microscopy.
Nuclei were stained with ToPro3 (blue). The panels on the right display E glycoprotein staining with false coloring from dark purple to bright yellow by
use of the fire lookup table (LUT) to highlight differences in the intensity of the signal. Bars, 10 �m. Data are presented as the mean � SD. Statistically
significant differences are indicated: *, P � 0.05; **, P � 0.005.
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ment for these molecules in the membranes where virus repli-
cation and assembly take place. According to this hypothesis, it
has been documented that DENV and hepatitis C virus repli-
cation complexes are enriched in SLs (17, 26).

To identify the potential roles of the lipid classes analyzed in
the biogenesis of WNV particles, the proportion of each lipid in
both purified virions and RSPs was analyzed. All lipid classes an-
alyzed, including PS, which has been shown to play a functional
role during flavivirus entry, were detected in the envelopes of
WNV and RSPs (11). The high degree of similarity between the
lipid composition of RSPs and virions, along with their parallel
mechanisms of formation, reinforces the view that RSPs are a
valuable tool for the study of lipid involvement during the biogen-
esis of flaviviruses.

We next addressed the question of whether the lipid composi-
tion of the WNV envelope was similar to that of total host cell
membranes or if it reflected that of a particular membrane do-
main, following an approach similar to the approaches used for
the characterization of other viral envelopes (7, 10). This analysis
indicated that the envelopes of both RSPs and virions were en-
riched in SM and exhibited a reduction in the content of PC com-
pared to that of total cellular membranes. Similar features, such as
an increase in the SM (or other SL) content and a depletion of PC,
have also been observed in the lipid envelopes of human immu-
nodeficiency virus type 1 (HIV-1) and influenza virus (7, 9). On

the contrary, the rhabdovirus vesicular stomatitis virus and the
alphavirus Semliki Forest virus exert little lipid selection when
they acquire their envelopes (8). The characteristics of the WNV
envelope also differed from those of the hepatitis C virus envelope,
which more closely resembles the composition of very low- and
low-density lipoproteins (10). Enrichment in SLs and a reduction
of PC levels are characteristics of liquid ordered membrane mi-
crodomains or membrane rafts (7, 9, 18, 56). Since membrane
raft-like microdomains, including those located in the ER (57),
are usually cholesterol enriched (7, 9, 18, 56), our findings could
be connected to the role(s) of membrane microdomains enriched
in cholesterol in flavivirus infections (28, 31, 58–60). SL-enriched
membrane microdomains have functional properties directly
linked to their lipid composition, such as coalescence and the
promotion of budding processes during virus assembly (7, 9) or
exosome biogenesis (18). Indeed, flavivirus assembly by invagina-
tion of ER membrane shares topological features with the forma-
tion of exosomes, since both processes mainly consist of budding
outward from the cell cytoplasm. Supporting this hypothesis, the
parallelism between viral budding processes and exosome biogen-
esis has already been documented (61, 62). An important point
that must also be considered in these analyses is that in the RSP
system, HeLa3-WNV cells express viral prM and E proteins in the
absence of any other viral protein. Since viral nonstructural pro-
teins (such as NS4A) induce membrane proliferation (63, 64),

FIG 6 Impairment of nSMase function inhibits the release of WNV. (A to C) Treatment with the nSMase inhibitor GW4869 reduces WNV production in
mammalian and insect cells. HeLa (A), Vero (B), or C6/36 (C) cells were infected with WNV (MOI, 1 PFU/cell) and treated with the indicated drug, and the
amount of infectious virus released into the culture medium was determined by plaque assay at 24 h p.i. The cellular ATP content of uninfected cells treated with
the different concentrations of the drug is indicated in all graphs as an estimate of cell viability upon drug treatment. (D) Treatment with GW4869 reduces USUV
production. HeLa cells were infected with USUV (MOI, 1 PFU/cell), and the amount of infectious virus released was determined as described in the legends to
panels A to C. (E) Treatment with GW4869 increases SINV production. HeLa cells were infected with SINV (MOI, 1 PFU/cell), and the amount of infectious virus
released into the culture medium was determined by plaque assay (8 h p.i.). (F) Effect of nSMase2 depletion by siRNA on WNV, USUV, and SINV infection. HeLa
cells were transfected with a universal negative siRNA control or with siRNA against nSMase2 for 48 h and infected with WNV, USUV, or SINV, and the amount
of virus released into the culture medium was analyzed as described in the legend to panels A to C. Data are presented as the mean � SD. Statistically significant
differences are indicated: *, P � 0.05; **, P � 0.005.

Martín-Acebes et al.

12050 jvi.asm.org Journal of Virology

 on N
ovem

ber 23, 2020 by guest
http://jvi.asm

.org/
D

ow
nloaded from

 

http://jvi.asm.org
http://jvi.asm.org/


their expression is expected to modify cellular lipids in infected
cells. In fact, modification of cellular lipids upon infection with
WNV was confirmed by analysis of the lipids in WNV-infected
cells. Therefore, it is foreseeable that the lipid components from

WNV-infected cells can differ from those of RSP-producing cells,
which may explain some of the minor differences between RSPs
and virions found in the analysis, such as the amount of p-PC or
variations in the specific lipid species found between RSPs and

FIG 7 Inhibition of nSMase function reduces WNV-induced budding. (A) Treatment with the nSMase inhibitor GW4869 reduces WNV release. HeLa cells were
infected with WNV (MOI, 1 PFU/cell) and treated with the drug, and the amount of virus particles released into the culture medium was estimated by an enzyme-linked
immunodot assay using a monoclonal antibody against the E glycoprotein at 24 h p.i. (B) Localization of the WNV E glycoprotein in HeLa cells infected with WNV (MOI,
1 PFU/cell) and treated with 10 �M GW4869. Immunofluorescence was performed using a monoclonal antibody directed against the E glycoprotein (green) in
combination with a rabbit polyclonal antibody against calnexin (red) to stain the ER at 24 h p.i. Nuclei were stained with ToPro3 (blue). The panels in the rightmost
column display E glycoprotein staining with false coloring from dark purple to bright yellow by use of the fire lookup table (LUT) scheme to highlight differences in the
intensities of the signals. Bars, 10 �m. (C) Impairment of nSMase function with GW4869 does not increase the amount of cell-associated WNV. HeLa cells were infected
with WNV (MOI, 1 PFU/cell), and the amount of virus either released or cell associated was determined by plaque assay at 24 h p.i. (D) The amount of viral RNA released
into the culture medium or cell associated was determined by quantitative RT-PCR in cells infected and treated as described in the legend to panel C. (E) Representative
electron micrographs at 24 h p.i. of cells infected with WNV (MOI, 10 PFU/cell) and treated or not treated (control) with 10 �M GW4869 showing the formation of
vesicle packets (VPs) containing virus-induced vesicles (Ve) and electron-dense virions (Vi). Bar, 200 nm. (F) Diameter of virus-induced vesicles detected in the VPs of
cells infected and treated or not treated with 10 �M GW4869. Each point represents an individual virus-induced vesicle. Solid lines denote the mean vesicle diameter. (G)
Number of virus-induced vesicles per VP detected in the VPs of cells treated or not treated with 10 �M GW4869. Each point represents the number of virus-induced
vesicles detected in an individual VP. Solid lines denote the mean number of virus-induced vesicles per VP. Unless specified otherwise, data are presented as the mean �
SD. Statistically significant differences are indicated: **, P � 0.005.
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virions. However, the major features observed (a reduction of PC
and enrichment in SM) were common between the two systems,
supporting the use of RSPs as a model to study flavivirus bio-
genesis.

The hydrolysis of SM by nSMases converts SM into CER, a
compound with a smaller head size (49). CER induces an asym-
metric membrane tension and segregates into highly ordered do-
mains triggering modifications of membrane shape (65). These
properties have been associated with the promotion of membrane
bending and budding processes both on model membranes (50)
and in living cells (18, 51, 66, 67). In this scenario, pharmacolog-
ical inhibition of nSMase activity, which catalyzes the hydrolysis
of SM to CER, impaired the release of RSPs into the culture me-
dium and reduced the level of production of infectious particles of
WNV and the related flavivirus USUV, which parallel the effects
on the production of certain types of exosomes that have been
documented (18, 66, 67). Supporting this observation, depletion
of nSMase2 by RNA interference inhibited the release of RSPs and
the production of WNV and USUV. On the contrary, an increase
in the titer of another arbovirus (SINV) was observed upon inhi-
bition of nSMase function, therefore indicating that the require-
ment for the conversion of SM to CER during the biogenesis of
flavivirus is not shared by this alphavirus. Consistent with these
results, lipid recruitment during alphavirus envelopment has been
proposed to be a process with a low level of selection (8), in con-
trast to the enrichment of SM and the reduction in the level of PC
described here for the flavivirus envelope. Alphavirus biogenesis is
dependent on the functionality of the secretory pathway, since
viral envelope glycoproteins must traffic from the ER through the
Golgi complex to the plasma membrane for viral budding (68).
Thus, the lack of inhibition of SINV release upon pharmacological
inhibition of nSMase2 or siRNA-mediated depletion of this en-
zyme shows the functionality of the secretory pathway in cells
treated with GW4869 or siRNA against nSMAse2. This observa-
tion further supports the specific involvement of nSMase2 in the
biogenesis of flavivirus. Although other nSMases are expected to
be functional in cells depleted of nSMase2 by siRNA, the degree of
inhibition (of RSPs and virion release) achieved with specific
siRNA against nSMase2 was similar to that observed using the
nSMase inhibitor GW4869, thus reinforcing the idea that
nSMase2 is the main nSMase involved in flavivirus biogenesis.

When the effect of nSMase inhibition on virus biogenesis was
analyzed by several approaches, a reduction of the amount of vi-
rus-induced vesicles inside VPs in cells treated with an inhibitor of
nSMase function was noticed. Since these vesicles are associated
with flavivirus replication and virion envelopment (5, 43, 55), this
observation supports the role of SM conversion to CER in virus-
induced budding. The diameter of the vesicles found in cells
treated with the nSMase inhibitor was similar to that of the vesicles
observed in untreated cells. A possible explanation for this phe-
nomenon could be that vesicle components others than lipids
(presumably, viral proteins) also contribute to vesicle formation,
although the inhibition of nSMase activity makes this assembly
less efficient. Accordingly, an important role for viral glycopro-
teins in the induction and maintenance of membrane curvature in
flavivirus virions has been proposed (69). Since budding mecha-
nisms are usually driven by a regulated combination of proteins
and lipids (70), our results indicate that, indeed, the lipid compo-
sition of the flavivirus envelope also contributes to this process.

Interestingly, the dhCER content was found to be increased in

WNV-infected cells, as it was one of the molecular species en-
riched in the viral envelope (dhCER, 24:0). This metabolite is an
intermediate in the SL biosynthetic pathway (49), and the pres-
ence of increased levels of dhCER points to the upregulation of the
de novo synthesis of SLs within WNV-infected cells, as reported in
other virus models (17, 26). On the other hand, the involvement
of nSMase in WNV and USUV biogenesis indicates that the pro-
duction of CER by the hydrolysis of SM is also required during
infection with these pathogens, providing evidence of the
functionality of these two pathways for CER production in flavi-
virus-infected cells. However, one must be cautious with the in-
terpretation of the reason for the increase in CER levels in WNV-
infected cells, since this can be due to different factors, such as the
induction of ER stress (71) mediated by the activation of the un-
folded protein response in flavivirus-infected cells (72).

In summary, our results provide additional evidence of the
complex degree of manipulation of host cell lipid metabolism by
WNV. These results also unveil a connection between SL metab-
olism and flavivirus biogenesis. The findings presented here could
contribute to the further development of lipid-based antiviral
strategies to combat these pathogens.
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