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ABSTRACT

African swine fever virus (ASFV) is a major threat for porcine production that has been slowly spreading in Eastern Europe since
its first appearance in the Caucasus in 2007. ASFV enters the cell by endocytosis and gains access to the cytosol to start replica-
tion from late endosomes and multivesicular bodies. Cholesterol associated with low-density lipoproteins entering the cell by
endocytosis also follows a trafficking pathway similar to that of ASFV. Here we show that cholesterol plays an essential role in
the establishment of infection as the virus traffics through the endocytic pathway. In contrast to the case for other DNA viruses,
such as vaccinia virus or adenovirus 5, cholesterol efflux from endosomes is required for ASFV release/entry to the cytosol. Accu-
mulation of cholesterol in endosomes impairs fusion, resulting in retention of virions inside endosomes. ASFV also remodels
intracellular cholesterol by increasing its cellular uptake and redistributes free cholesterol to viral replication sites. Our analysis
reveals that ASFV manipulates cholesterol dynamics to ensure an appropriate lipid flux to establish productive infection.

IMPORTANCE

Since its appearance in the Caucasus in 2007, African swine fever (ASF) has been spreading westwards to neighboring European
countries, threatening porcine production. Due to the lack of an effective vaccine, ASF control relies on early diagnosis and wide-
spread culling of infected animals. We investigated early stages of ASFV infection to identify potential cellular targets for thera-
peutic intervention against ASF. The virus enters the cell by endocytosis, and soon thereafter, viral decapsidation occurs in the
acid pH of late endosomes. We found that ASFV infection requires and reorganizes the cellular lipid cholesterol. ASFV requires
cholesterol to exit the endosome to gain access to the cytoplasm to establish productive replication. Our results indicate that
there is a differential requirement for cholesterol efflux for vaccinia virus or adenovirus 5 compared to ASFV.

Endocytosis is a common uptake pathway for nutrients, lipids,
and receptors that is frequently hijacked by viruses to gain

entry into cells (1). Cargoes taken up by endocytosis initially con-
verge on early endosomes (EE), from where they can be recycled
back to the plasma membrane (PM) (2). However, more usually,
internalized cargo is transported to late endosomes (LE), from
where it can be directed to lysosomes (LY) for degradation. Endo-
somal maturation from EE to lysosomes is a dynamic process that
involves a progressive reduction in intraluminal pH (2). At the
start of their maturation, invaginations of the limiting membrane
into the lumen of the EE give rise to the intraluminal vesicles
(ILV), leading to the formation of multivesicular bodies (MVB),
in which the pH is proportional to the number of ILV (2). MVB
mature to late endosomes ending in the lysosomes (3). Both MVB
and LE are late endosomal compartments. The ordered matura-
tion of early endosomes to lysosomes depends on endosomal
membrane signaling that is regulated by both proteins and lipids,
including cholesterol (CH) (2, 4).

Cholesterol enters the cell by endocytosis in the form of low-
density lipoproteins (LDL) and accumulates in the intraluminal
vesicles (ILV) in the multivesicular bodies and late endosomes (5).
Those ILV that accumulate cholesterol are also enriched in the
long-lived lysobisphosphatidic acid (LBPA) (6). Cholesterol must
be redistributed to the endosomal limiting membrane so that it
becomes available for export to other cellular destinations (7).
LBPA regulates cholesterol efflux by a mechanism known as
“backfusion,” in which the ILV fuses with the endosomal limiting

membrane (6, 8). Backfusion ensures that cholesterol in ILV es-
capes lysosomal degradation by exiting the LE. This cholesterol
efflux is controlled by a number of lipid transporters, including
the NPC1 and NPC2 proteins (9). Mutations in these proteins lead
to the hereditary Niemann-Pick C (NPC) disease, which is char-
acterized by a severe defect in the export of cholesterol from late
endosomes (10). The abnormal accumulation of cholesterol in LE
leads to altered protein and lipid trafficking that results in a pro-
gressive neurodegenerative disorder (11). This disease phenotype
can be mimicked by treating cells with U18666A, an amphipathic
steroid that blocks the exit of free cholesterol from the late endo-
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somal compartment, resulting in aggregation of endosomes filled
with cholesterol and other lipids (12).

The endocytic pathway ensures a highly dynamic and ordered
sorting of cargoes to their correct cellular locations. Not surpris-
ingly, many viruses exploit endocytosis to facilitate their uptake
and ensure that they reach the correct site for replication or gain
access to the cytoplasm (1, 13, 14). For example, African swine
fever virus (ASFV) is a large double-stranded DNA virus that en-
ters the cell by dynamin-, clathrin-, and cholesterol-dependent
endocytosis (15, 16). Actin-dependent macropinocytosis also as-
sists ASFV entry into cells (17). Once the virus is inside the endo-
some, viral decapsidation occurs in the acid pH of LE within a few
minutes after entry (18). After uncoating, the virus needs to exit
the endosome and gain access to the cytoplasm to start replication
in a specialized structure called the viral factory (19). The viral
factory is devoid of a limiting membrane and is organized in a
single perinuclear site near the microtubule-organizing center
(20, 21). After completing morphogenesis in the viral factory,
newly assembled virions are moved to the plasma membrane on
microtubules by kinesin-1, where they acquire an additional lipid
membrane when they exit the cell by budding (22, 23). In this
study, we set out to investigate the relevance of cholesterol homeo-
stasis in ASFV entry and replication. Our results clearly demon-
strate that cholesterol efflux and endosomal trafficking play essen-
tial roles during the establishment of ASFV replication.

MATERIALS AND METHODS
Cells, virus, and infections. Vero cells were mock infected or infected
with ASFV isolate Ba71V as previously described (24, 25) at a multiplicity
of infection (MOI) of 1 or 10 (for early-time-point experiments) or 100
(for transmission electron microscopy [TEM]) PFU/cell. When synchro-
nization of infection was required, virus adsorption was performed for 90
min at 4°C, and after a cold phosphate-buffered saline (PBS) wash to
remove unbound virus, cells were rapidly shifted to 37°C with fresh pre-
warmed medium. Virus stocks and/or infective ASFV production yields
from infected samples were titrated by plaque assay in Vero cells as pre-
viously described (24). Recombinant B54GFP is a recombinant ASFV
expressing green fluorescent protein (GFP) as a fusion protein with viral
p54 (26). Infections with B54GFP were performed at an MOI of 1 PFU/
cell. Vaccinia virus (VV) recombinant vtag2GFP contained the tag2GFP
under the control of a strong synthetic VV early/late promoter (27) and
was kindly provided by R. Blasco (INIA, Spain). VV infections were per-
formed at an MOI of 1 PFU/cell for 16 h postinfection (hpi). Adenovirus
5/attB (Adv) was provided by Carmen San Martín (CNB, CSIC). This
recombinant virus carries a packaging modification that lengthens the
viral cycle and GFP to facilitate detection (28, 29). Vero cells were infected
with Adv at an MOI of 1 PFU/cell for 16 hpi.

Detection and quantitation of the ASFV genome. The quantitation of
the number of copies of the ASFV genome was achieved by quantitative
real-time PCR (qPCR) as described previously (15). The qPCR assay used
fluorescent hybridization probes to amplify a region of the p72 viral gene
as described previously (30). Each sample was included in triplicates, and
values were normalized to the standard positive controls. Reactions were
performed using the ABI 7500 Fast real-time PCR system (Applied Bio-
systems).

Antibodies. Monoclonal antibodies against the virus major capsid
protein p72 (Ingenasa) and early protein p30 were used at 1:1,000 and
1:100 dilutions, respectively (31). ASFV p72 is a very abundant late pro-
tein in infection and is accumulated in the viral factory (32).

EE were labeled with anti-mouse EEA1 antibody (BD Biosciences
Pharmingen), and LE with anti-rabbit Rab7 (Cell Signaling), both at a
1:50 dilution. MVB were labeled with anti-CD63 (clone H5C6; Develop-
mental Studies Hybridoma Bank, University of Iowa), a tetraspanin char-

acteristic of this compartment, at a 1:200 dilution. LY were labeled with
anti-Lamp1 (Abcam) at a 1:50 dilution. Antibody 6C4 against lysobispho-
sphatidic acid (LBPA), which is enriched in intraluminal vesicles of mul-
tivesicular bodies, was used at a concentration of 50 �g/ml (kindly pro-
vided by Jean Gruenberg). Anti-mouse immunoglobulin G (IgG)
antibody conjugated to Alexa Fluor 594 and anti-rabbit IgG antibody
conjugated to Alexa Fluor 488 (Molecular Probes) were used as secondary
antibodies and diluted 1:200.

Protein detection by WB. Protein extracts were electrophoresed in
12% acrylamide-bisacrylamide gels. Separated proteins were transferred
to nitrocellulose membranes and detected with corresponding antibodies.
As a secondary antibody, anti-mouse IgG (GE Healthcare) or anti-rabbit
IgG (Bio-Rad) conjugated to horseradish peroxidase was used at a 1:5,000
dilution. �-Tubulin (Sigma) was used as a loading control in Western
blotting (WB) analysis. Finally, bands obtained after development with
ECL reagent were detected on a Molecular Imager Chemidoc XRSplus
imaging system. Bands were quantified by densitometry and data normal-
ized to control values using Image lab software (Bio-Rad).

Indirect immunofluorescence and conventional and confocal mi-
croscopy. Immunofluorescence experiments were performed as previ-
ously described (18). Vero cells were fixed in PBS– 4% paraformaldehyde
(PFA) for 15 min and permeabilized with PBS– 0.1% Triton X-100 or
saponin (Sigma) for 10 min. Cells were then incubated with 50 mM
NH4Cl in PBS for 10 min. After blocking with bovine serum albumin
(BSA) (Sigma) or normal goat serum (Sigma), cells were incubated with
corresponding antibodies and nuclei were stained with Topro3 (Molecu-
lar Probes) before mounting.

Confocal microscopy was carried out in a Leica TCS SPE confocal
microscope. Conventional fluorescence microscopy to analyze choles-
terol staining with filipin was carried out using a Leica DM RB micro-
scope. Image analyses were performed with Leica Application Suite ad-
vanced fluorescence software (LAS AF) and ImageJ software.

TEM. Vero cells were pretreated with U18666A for 16 h or with di-
methyl sulfoxide (DMSO). Cells were then infected with Ba71V at an MOI
of 100 PFU/cell. Virus adsorption was carried out by spinoculation as
previously described (33), and cells were then placed at 37°C for 30 or 45
min postinfection (mpi). Cells were then washed with PBS and fixed with
a mixture of 2% PFA and 2.5% glutaraldehyde in PBS for 1 h. The cell
monolayer on coverslips was postfixed with 1% osmium tetroxide in PBS
(45 min), treated with 1% aqueous uranyl acetate (45 min), dehydrated
with ethanol, and embedded in epoxy resin 812 (TAAB) for 2 days at room
temperature as described previously (34). Ultrathin, 70-nm-thick sections
were obtained with the Ultracut UCT ultramicrotome (Leica Microsys-
tems), transferred to nickel EM grids (Gilder), and stained with 3% aque-
ous uranyl acetate for 20 min and lead citrate for 2 min. Sections were
examined on a JEOL JEM 1200 EXII electron microscope (operating at
100 kV).

Flow cytometry. At 6 hpi, cells were washed with PBS and harvested by
trypsinization. Flow cytometry experiments were performed by detection
of infected cells with an anti-p30 monoclonal antibody as described else-
where (18) or by GFP expression at 16 hpi when using recombinant
viruses; 104 cells per tube in triplicates were scored and analyzed in a
FACSCalibur flow cytometer (BD Sciences) to determine the percentage
of infected cells under these conditions. The obtained infection rates were
normalized to the corresponding controls.

Cell treatment with U18666A. U18666A (Sigma) is an amphipathic
steroid which is widely used to block the intracellular trafficking of cho-
lesterol and mimic the Niemann-Pick type C disease phenotype (12, 35).
Cytotoxicity was tested using the CellTiter 96 nonradioactive cell prolif-
eration assay (Promega) following the manufacturer=s instructions. Vero
cells were pretreated for 16 h with DMSO or 5 or 10 �M U18666A and
then infected with the different viruses tested at an MOI of 1 PFU/cell
without washing.

Cholesterol quantitation and determination. Cholesterol was deter-
mined and quantified enzymatically using the Amplex Red cholesterol assay
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kit, following the manufacturer’s instructions (Invitrogen). Fluorescence val-
ues at an excitation wavelength of 532 nm and an emission wavelength of 590
nm were counted in a Genios Spectrafluor microplate reader (Tecan), nor-
malized to control sample values, and expressed in percentages.

CHDM, CHEM, and cell treatment. Vero cells were grown in choles-
terol-depleted medium (CHDM) containing Dulbecco modified Eagle
medium containing 100 IU/ml penicillin, 100 �g/ml streptomycin, and 2
mM L-glutamine [DMEM (P/S�G)], 5% lipoprotein deficient serum
(LPDS) (Sigma), 10 �M mevastatin (Santa Cruz Biotechnology), 50 �M
mevalonate (Sigma), and 5 mM methyl-�-cyclodextrin (M�CDX)
(Sigma). Chemicals were previously tested for cytotoxicity at the concen-
trations used. Cells were incubated in CHDM for 2 h before infection, at
the time of infection (0 hpi), or 2 and 4 hpi. To avoid cytotoxicity of
M�CDX (36), after 2 h, CHDM was shifted to CHDM lacking M�CDX
(CHDM�) and maintained up to 6 or 16 hpi. Cell extracts were analyzed
for early p30 expression at 6 hpi and for viral replication using qPCR at 16
hpi. Viral infectivity was evaluated by GFP expression of recombinant
ASFV, VV, and Adv at 16 hpi in cells incubated in CHDM for 2 h before
infection.

Cholesterol-enriched medium (CHEM) was prepared as described
previously (37, 38). Briefly, 10 mM cholesterol (CH) (Santa Cruz Biotech-
nology) stock was prepared in stirred and warmed DMSO at 80°C on a
heating block. The clarified solution was filtered and added in increasing
concentrations (0, 100, and 500 �M) to DMEM (P/S�G) containing 5
mM M�CDX to form CH/M�CDX complexes. Vero cells were incubated

with CHEM for 2 h, medium was removed, and cells were washed for 6
times to clear remnant M�CDX. After washing, cells were infected at an
MOI of 1 PFU/cell and maintained in DMEM (P/S�G) containing 2%
LPDS. At 2 hpi, the medium was replaced with DMEM–2% fetal calf
serum (FCS) (normal infection medium), and infection progressed for 16
hpi. Finally, cell extracts were processed for qPCR.

Cholesterol staining. To detect free intracellular cholesterol, we used
fluorescent filipin (Sigma) as previously described (39–42). The filipin
signal was recorded using a 390- to 415-nm-wavelength excitation filter
and a 450- to 470-nm-wavelength emission filter. For living cells, we used
fluorescently labeled bodipy-cholesterol (TopFluor-Cholesterol; Avanti
Polar Lipids), a cholesterol live-cell mimic. Vero cells were loaded with 5
�g/ml of bodipy-cholesterol (bodipy-CH) in DMEM–2% FBS for 30 min
at 37°C, and then cells were infected at an MOI of 5 PFU/cell for 1 or 3 h
in order to analyze its uptake by endocytosis. Cells were then quickly
rinsed with PBS and fixed with 4% PFA before confocal imaging. Intra-
cellular fluorescence measurement of bodipy-CH from mock- or ASFV-
infected cells was performed using ImageJ software.

Statistical analysis. Differences between groups were analyzed by the
Bonferroni test with GraphPad Prism software and Instat software. All exper-
iments were performed more than two times, and data are presented as mean
values and standard deviations (SD) from independent experiments. Metrics
were normalized to control values. Asterisks denote statistically significant
differences (***, P � 0.001; **, P � 0.01; and *, P � 0.05).

FIG 1 Effect of low cholesterol concentrations on ASFV infection. (A) ASFV infectious cycle milestones. (B) Intracellular cholesterol before (Ctrl) and after
incubation of cells in cholesterol-depleted medium (CHDM). (C) Graphical representation of viral p30 protein expression at 6 hpi and of viral replication at 16
hpi in ASFV-infected cells incubated with CHDM added at the indicated times. (D) Viral replication in cells shifted at 2 hpi to cholesterol-enriched medium at
the indicated cholesterol concentration (100 or 500 �M) or DMEM with 2% fetal calf serum (not lipoprotein depleted). (E) Variations in ASFV, VV, and Adv
infectivity in Vero cells incubated in control medium or CHDM. Infected cells were detected by fluorescence-activated cell sorter (FACS) analysis and percentages
normalized to controls. Statistically significant differences are indicated by asterisks (***, P � 0.001; **, P � 0.01). Representative FACS profiles of control,
ASFV-infected, or ASFV-infected cells in CHDM are shown.
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RESULTS

We set out to investigate the role of cholesterol at different stages
of the ASFV infection and replication cycle (Fig. 1A). To examine
the impact of cholesterol depletion on viral infectivity, we infected
cells previously incubated in cholesterol-depleted medium
(CHDM) for 2 h. This treatment resulted in a significant reduc-
tion of cellular cholesterol pools as revealed by filipin staining
(Fig. 1B). To assess whether cholesterol is required for ASFV entry
and/or replication, we infected cells that were grown in cholester-
ol-depleted medium at various times before and after virus bind-
ing at 4°C. Lowering cholesterol pools 2 h before infection signif-
icantly impaired ASFV early protein expression and viral
replication (Fig. 1C). However, the impact was lower after virus
binding (0 to 4 hpi), suggesting that cholesterol was required at
early time points. Consistent with this, incubating cells grown in
CHDM with cholesterol-enriched medium at increasing concen-
trations recovered viral replication to control levels (Fig. 1D). In
these experiments, cells were shifted to normal infection medium
at 2 hpi (baseline) or to medium enriched with 100 or 500 �M.
Next, we analyzed the effect of cholesterol-depleted medium on
ASFV infectivity in comparison with that of other DNA viruses,
such as vaccinia virus (VV) and adenovirus 5 (Adv). To evaluate
infectivity, we used recombinant viruses expressing GFP and
found that CHDM impaired infectivity in all viruses tested, as
expected from a general requirement of membrane cholesterol for
endocytic uptake.

We next analyzed whether ASFV infection affects the levels of
free, esterified, and total cholesterol during its replication cycle
(Fig. 2A). Cholesterol content values were normalized to the same
values obtained in mock-infected controls at each time point.
Early in infection (1 to 3 hpi), total cholesterol levels increased,
before returning to noninfected levels at late viral replication
times. Free cholesterol increased from 70 to 90% at these early
times. A similar increase was also seen for both free and esterified
cholesterol before a return to normal levels at late infection times
(Fig. 2A). As a result of the stimulation of cholesterol storage and

following the rise in free cholesterol, esterified cholesterol in-
creased from 30 to 60% at 3 hpi, and then the relative amounts of
free and esterified cholesterol reached similar net increase at this
time point. High cholesterol levels were maintained by peak rep-

FIG 2 Increased uptake and free cholesterol pools upon ASFV infection. (A) Quantitation of total (dark bars), free (gray bars), and esterified (white bars) cholesterol
pools in mock- or ASFV-infected cells at several time points. Values were normalized to mock-infected control values at each time point. (B) Bodipy-cholesterol uptake
after ASFV infection at 1 and 3 hpi compared to that in control cells in the graph. representative images are shown. **, P � 0.01; *, P � 0.05. Bar, 10 �m.

FIG 3 Alterations of cholesterol distribution and endosomal traffic with
U18666A. Ctrl, cholesterol distribution in control cells with normal cholesterol
efflux. CD63 and LBPA are stained in green and cholesterol in red. Upon U18666A
treatment, inhibition of cholesterol efflux from endosomes caused cholesterol-
laden vesicular clustering at the perinuclear area, while free cholesterol was re-
duced in other cellular locations such as the plasma membrane. Bar, 10 �m.
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lication, returning back to levels for uninfected cells at 16 hpi.
These results suggest that cholesterol may play an important role
in early ASFV infection after initial entry.

Bodipy-cholesterol (bodipy-CH) is a fluorescent mimic of free
cholesterol that partitions into the plasma membrane (PM) when
added exogenously to live cells (43). Taking advantage of this, we
investigated the uptake of fluorescent bodipy-CH in control and
ASFV-infected cells. Calculating the integrated density of endocy-
tosed bodipy-CH using the confocal microscope, we found that
ASFV infection stimulated cholesterol uptake at 1 and 3 hpi (Fig.
2B). This would increase the availability of free cholesterol levels
in early infection.

ASFV infection is dependent on cholesterol endosomal traf-
fic. Cholesterol is diffusely distributed in the plasma membrane,
cytoplasm, and endosomes in control cells (Fig. 3). The chemical
U18666A is an amphipathic steroid which is widely used to block
the intracellular trafficking of cholesterol (12, 45). In contrast to
the diffuse distribution of cholesterol in control cells, in the pres-
ence of U18666A, cholesterol accumulates in perinuclear swollen
endosomes. These endosomes label with CD63, LBPA, and Rab7,
markers of multivesicular bodies (MVB) and late endosomes
(LE). LE clusters exhibited a dilated lumen morphology charac-
teristic of U18666A treatment (Fig. 3).

In infected, vehicle-treated cells, aggregated endosomes and
cholesterol were found at the viral factory together with viral pro-
teins at 16 hpi (Fig. 4A). In U18666A-treated and infected cells,

very few viral factories were found. Consistent with this, treatment
of cells with U18666A resulted in a potent dose-dependent reduc-
tion of ASFV infectivity by as much as 80% (Fig. 4C). Early p30
protein expression was also decreased by up to �50% in
U18666A-treated cells compared to controls (Fig. 4D). However,
in the few viral factories, it was possible to identify a direct contact
with some LE devoid of cholesterol (Fig. 4A, arrows). Endosomes
close to the viral factory also lacked the dilated appearance of
endosomes filled with cholesterol. The reduction in ASFV infec-
tivity due to U1866A is comparable to the impact of inhibiting
endosomal acidification with bafilomycin A (BAF) (15, 18).

To obtain additional insights into the stage at which virus in-
fection is inhibited, we next analyzed the impact of impaired cho-
lesterol efflux using electron microscopy. In controls, remnants of
decapsidated viral cores together with intraluminal vesicles typical
of MVB were observed, as expected from infection progression
with uncoating (Fig. 5, DMSO). Treatment of cells with the endo-
somal acidification inhibitor bafilomycin A (BAF) led to virions
with icosahedral capsids being retained in endosomes (arrow-
head). Ultrastructural analyses of cells infected with ASFV in the
presence of U18666A revealed dilated endosomes in aggregates
close to the nucleus (N), containing “onion-skin” membranes,
which are characteristic of sphingolipid-rich membranes. Such
“onion-skin” structures were never observed in DMSO controls
or bafilomycin A-treated cells. In ASFV-infected cells with
U18666A, virions with relatively intact capsids (arrowhead) were

FIG 4 Cholesterol efflux is necessary for viral infectivity. (A) Distribution of endosomes and cholesterol at the viral factory in ASFV-infected untreated cells at
16 hpi. Endosomes stained with Rab 7 are shown in green, cholesterol in blue, and viral protein p72 accumulated in the viral replication site in red. N, nucleus.
High magnifications of the merged boxed area are shown. The color channels are shown individually in black-and-white pictures. Bar, 10 �m. Bottom left,
general view of cholesterol-laden endosomes in uninfected control cells treated with U18666A. Bottom right, in treated and infected cells at 16 hpi, LE devoid of
cholesterol were found in close proximity to viral factories (arrows). Bar, 25 �m. (B) Cellular viability at increasing concentrations of U18666A. (C) Infectivity
at 6 hpi with U18666A, analyzed by flow cytometry by p30 expression (***, P � 0.001; *, P � 0.05). (D) Early p30 viral protein expression at 6 hpi by WB after
U18666A treatment.
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evident inside dilated endosomes in close association with the
nucleus. The presence of fully encapsidated virions in the lumen of
membrane compartments close to the nucleus suggests that virus
uncoating is inhibited. This suggests that cholesterol endosomal
flux is required for ASFV to gain access to the cytoplasm from the
endosome.

In parallel, we found that in contrast to controls, in cells treated
with U18666A, encapsidated virions were trapped inside perinu-
clear lipid-laden dilated endosomes (Fig. 6A). The numbers of
virions colocalizing with the late endosomal marker Rab 7 were
significantly higher in drug-treated cells than in controls (Fig. 6B).

We also tested the impact of U18666A on adenovirus 5 and
vaccinia virus infectivity (Fig. 6C). A cholesterol efflux block using
U18666A resulted in a statistically significant inhibition of ASFV
infectivity (P � 0.001). However, this treatment did not affect
adenovirus infectivity and slightly reduced vaccinia infectivity,
suggesting the existence of other mechanisms unrelated to choles-
terol efflux for cytoplasmic entry of these viruses.

DISCUSSION

Cellular cholesterol is a crucial host component in a number of
viral infections. In general, the amount of cellular cholesterol is
controlled at two different levels (7). The first checkpoint is the
entry of cholesterol by endocytosis through specific receptors on
the plasma membrane (46). The second checkpoint is at the en-
dosomal membrane by controlled efflux to the cytosol. Lowering
cellular cholesterol pools specifically at early infection severely
affected ASFV infectivity and replication, indicating that the virus
needs to ensure a constant supply of this lipid to achieve a success-
ful infection. Depletion of extracellular cholesterol in the medium
resulted in a substantial inhibition of ASFV infection even though
there are other sources of intracellular cholesterol, such as de novo
cholesterol biosynthesis. In fact, inhibition of cholesterol biosyn-

thesis with statins negatively impacts several virus infections, in-
cluding human immunodeficiency virus (HIV), influenza virus,
and hepatitis C virus (HCV) infections (47). In the case of ASFV,
it also impairs virion morphogenesis, maturation, and exit (48).
Moreover, in order to deplete cholesterol from the medium, it is
necessary to include chemicals such as mevastatin and methyl-�-
cyclodextrin that would affect the cholesterol membrane content.
This would affect the entry of a number of viruses using different
entry mechanisms, as was the case for vaccinia virus and adenovi-
rus 5.

ASFV infection also reorganized the cholesterol cellular land-
scape. ASFV infection increased free cholesterol levels, ensuring
exogenous supplies by augmented uptake. A similar mechanism
has recently been reported for enterovirus to increase cellular cho-
lesterol levels (49). Cholesterol is enriched at the PM, at the endo-
cytic recycling pathway (it is recycled back to the PM), and at the
trans-Golgi compartment, while the endoplasmic reticulum (ER)
has a low free cholesterol content. When free cholesterol is very
abundant, it traffics directly to the ER, where it becomes esterified
and stored in lipid droplets to maintain homeostasis (50). Free
cholesterol increased from 70 to 90% at early times after infection,
and the relative amounts of free and esterified cholesterol reached
similar net increase at this time point. High cholesterol levels were
maintained by peak replication, returning back to uninfected cell
rates at later time points.

More importantly, we found that cholesterol entering the cell
by endocytosis was important for ASFV uncoating and penetra-
tion at early infection stages. Cholesterol is stored in multivesicu-
lar bodies and late endosomes, from where it should efflux to the
cytosol. This efflux is controlled by cholesterol transporter pro-
teins, such as NPC1 and -2, vesicle membrane protein-associated
protein A (VAPA), and others (45). In fact, cholesterol endosomal
traffic integrity is necessary for a number of virus infections

FIG 5 A cholesterol efflux block impairs viral exit from endosomes. TEM of control or ASFV-infected cells at 45 mpi is shown. DMSO-treated control cells with
remnants of viral cores (arrowheads) are found in endosomes with intraluminal vesicles (arrow). In BAF-treated cells, virions with intact capsids were found in
endosomes (arrowhead), as BAF-induced endosomal acidification inhibition impairs virus decapsidation. Scale bars, 500 nm. Bottom panels, TEM images of
U18666A-treated and ASFV-infected cells with vesicular aggregates and “onion-leaf” images characteristic of lipids at 45 mpi. Virions are shown inside vesicles
close to the nucleus (arrowheads).Scale bars, 500 nm. N, nucleus.
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(51–53). Endosomes acquire cholesterol by endocytosis as choles-
teryl esters. In acidic compartments, acid lipase hydrolyzes cho-
lesteryl esters, and the resulting free cholesterol partitions into
neighboring membranes (7, 54). Lipids can diffuse rapidly within
membranes that are connected by membrane flow during trans-
port, and this could facilitate viral fusion and exit by mechanisms
still partially unexplored. It is conceivable that taking advantage of
this process and under physiological conditions of cholesterol ho-
meostasis, endocytosed viral particles could fuse with the limiting
membrane of the endosome in order to release the viral genome to
start replication. In fact, in cells where cholesterol efflux has been
biochemically disrupted (by U18666A treatment), ASFV infectiv-

ity was impaired at late entry in a postbinding stage. Encapsidated
ASF viral particles remained trapped in endosomes, suggesting an
alteration in viral uncoating and penetration that ultimately in-
hibits infection progression.

At this level, we were able to find significant differences be-
tween ASFV and other viruses. Successful ASFV infectivity was
strongly dependent on the integrity of cholesterol endosomal ef-
flux. Infectious entry of the flaviviruses hepatitis C virus (HCV)
and dengue virus (DV) into host cells is also dependent on cho-
lesterol efflux, and the cholesterol efflux inhibitor U18666A af-
fected HCV and DV infection (51, 52). Under U18666A treat-
ment, Dengue viral particles remained trapped in the late

FIG 6 A cholesterol efflux block impairs viral exit from endosomes. (A) Top panels, Rab7-labeled endosomes in control untreated, uninfected cells (DMSO),
aggregates of dilated endosomes in uninfected cells treated with U18666A, and control infected, untreated cells. Virions are labeled with anti-p72 antibody, and
endosomes labeled with Rab7 marker are shown in green. Bottom panels, U18666A-pretreated cells infected with ASFV at 1 hpi. Dilated perinuclear endosomes
filled with cholesterol shown in black and white in an independent channel. Arrowheads and zoom images show viral capsid staining of intact virions retained
at the periphery of dilated endosomes. Scale bars, 10 �m. (B) Number of virions found inside endosomes in control and U18666A-treated cells (***, P � 0.001).
(C) Effect of cholesterol flux inhibition on ASFV, VV, and Adv infectivity evaluated by flow cytometry (***, P � 0.001; *, P � 0.05).
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endosome/lysosome compartment. Similar to the case for ASFV,
viral traffic and cytoplasmic release were impaired in cholesterol-
laden endosomes (52). U18666A blocks the release of HCV parti-
cles that accumulate in late endosomes (51). Moreover, the cellu-
lar cholesterol-sensing receptor Niemann-Pick C1 (NPC1)-like 1
is an important HCV entry factor. The FDA-approved antagonist
of this receptor, Ezetimibe, inhibits virion-cell membrane fusion
before cytoplasmic penetration (55).

U18666A and other cationic amphiphiles inhibit Ebola virus
(EBOV) entry and infection at the step of endosomal membrane
fusion. These chemical compounds have the ability to accumulate
cholesterol in late endosomes and inhibit EBOV entry through an
NPC1-dependent pathway (53). Filovirus entry seems to require
the interaction of GP with NPC1 protein as an intracellular recep-
tor (44, 56). EBOV, DV, and HCV uncoating and cytoplasmic
penetration occur at the late endosomal level as a multistep pro-
cess that could be similar for ASFV and other enveloped viruses. In
this process, the acid pH environment could act as a “primer” for
later membrane fusion, in which cholesterol transport acts by
mechanisms not fully understood.

Adenovirus (Adv) infectivity was independent of cholesterol
endosomal efflux. In contrast to ASFV and VV, Adv is a non-
enveloped virus that relies mainly on mechanical cues for un-
coating (57). With the Adv 2 and 5 serotypes, uncoating starts
at receptor binding. Integrins and coxsackievirus adenovirus
receptor (CAR) cooperate to induce conformational changes,
untwisting penton base, resulting in fiber loss, and exposing
membrane lytic protein VI (58). This protein induces mechan-
ical ruptures at the endosomal membrane to allow virus endo-
somal escape to the cytosol (59). Like other enveloped viruses,
poxviruses respond to uncoating cues immediately after fu-
sion, and viral cores undergo dramatic morphological changes
(60). Vaccinia virus genome uncoating follows a multistep pro-
cess. First, the viral core becomes acid activated, probably in
macropinosomes, and early genes are transcribed within the
intact viral core (61). This mode of entry, related to endocyto-
sis, could be somewhat inhibited by blocking cholesterol efflux.
Next, early gene transcription and mRNA export would be ini-
tiated via the action of viral RNA polymerases and transcrip-
tion factors inside the core (62). The activation of the tran-
scription machinery is considered a priming step, as it is a
prerequisite for the next phase of uncoating. The proteasome
activity (63) and the recently characterized uncoating factor D5
ATPase then are required for VV cytoplasmic genome release
(64).

In conclusion, we have used biochemical assays, fluorescent
imaging, and electron microscopy to investigate the impact of
cholesterol in ASFV infection and the regulation of cholesterol
levels induced by this virus. Cholesterol-depleted medium
early in infection severely inhibits ASFV infectivity and repli-
cation. ASFV infection causes an increase in free cholesterol
levels, remodels intracellular cholesterol, and redistributes free
cholesterol to the viral replication site. Inhibition of choles-
terol efflux severely impairs ASFV infectivity, as occurs with
HCV. Other DNA viruses, such as adenovirus and vaccinia
virus, are also sensitive to cholesterol-depleted medium, but
the main difference is in ASFV sensitivity to cholesterol efflux
inhibition. Hence, cholesterol homeostasis at endosomes ap-
pears to be a selective target for some viruses. Endosomal cho-
lesterol might be essential for ASFV at a postbinding step, at the

viral membrane fusion with the endosomal membrane and cy-
toplasmic exit. Together, our results provide new avenues for
research focused on early targets at the molecular signaling of
endosomal traffic for DNA viruses.
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