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Abstract

African swine fever is a devastating disease of domestic swine and wild boar caused by a large double-stranded DNA virus
that encodes for more than 150 open reading frames. There is no licensed vaccine for the disease and the most promising
current candidates are modified live viruses that have been attenuated by deletion of virulence factors. Like many viruses
African swine fever virus significantly alters the host cell machinery to benefit its replication and viral genes that modify
host pathways represent promising targets for development of gene deleted vaccines. Autophagy is an important cellular
pathway that is involved in cellular homeostasis, innate and adaptive immunity and therefore is manipulated by a number
of different viruses. Autophagy is regulated by a complex protein cascade and here we show that African swine fever virus
can block formation of autophagosomes, a critical functional step of the autophagy pathway through at least two different
mechanisms. Interestingly this does not require the A179L gene that has been shown to interact with Beclin-1, an important

autophagy regulator.

INTRODUCTION

African swine fever virus (ASFV) causes an invariably fatal
haemorrhagic disease of domestic pigs and wild boar that
is now widely distributed across four of the world’s conti-
nents. Efforts to control the disease have been frustrated
in part by the lack of an effective vaccine. Live attenuated
viruses represent the mostly promising route to a commer-
cial vaccine in the short term and modified live viruses
produced by targeted gene deletion have a superior safety
profile when compared to attenuated viruses generated by
passage through tissue culture. Identifying genes capable of
manipulating host cell responses has proven a fruitful way
of identifying potential virulence factors [1-3] and gene
deleted viruses based on these results have showed signifi-
cant promise as vaccine candidates [4-9]. Recombinant
virus lacking genes encoding for proteins that modulate
lymphocyte proliferation [8, 10], block stress responses
[11] or support virus replication [12] have proven effective
at protecting animals from virulent challenge, however
these strategies do not always translate to different ASFV
genotypes [9, 10, 13, 14]. Gene deletions focused on a
locus that modulates the host interferon response [1, 15]

and encodes multiple multigene family 360 (MGF360) and
MGF505 genes attenuates three different ASFV genotypes
[4,6,9, 16].

Autophagy is a constitutive cellular process of bulk degra-
dation that leads to elimination and recycling of cytosolic
cell constituents by delivery to mammalian lysosomes
or plant and yeast vacuoles [17]. To date, three distinct
types of autophagy have been described, microautophagy,
chaperone-mediated autophagy, and macroautophagy and
in this text when we refer to ‘autophagy’ we refer to the
process of macroautophagy which is centred on the incor-
poration of cargo into specialised vesicular organelles called
autophagosomes. These migrate to and fuse with lysosomes
which then breakdown cargo, which can include damaged
organelles, long-lived proteins, and even invasive patho-
gens. Autophagy is regulated by a complex protein cascade
that includes the mammalian target of rapamycin (mTOR)
complex (mTORC), which acts on the ULK complex
[18, 19], which in turns acts on the vacuolar protein sorting
34 (Vps34) lipid kinase complex [20] that includes a Bcl-2
like protein called Beclin-1 [21]. Two downstream ubiquitin
like conjugation systems causes the covalent attachment of
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Atg12 to Atg5 to form the Atgl6 complex, which then drives
the lipidation of the Atg8 family of proteins, including
LC3, which are major structural proteins of the nascent
autophagosome. mTOR itself is regulated by the PI3K/Akt
signalling cascade [22] and elevated levels of phosphoryl-
ated 4E-BP1 have been detected in Vero cells infected with
a tissue cultured adapted strain of ASFV [23] suggesting
that ASFV may also activate mTOR.

Autophagy acts as an intrinsic defence mechanism by
degrading cytosolic or vacuole-containing microbes [24].
TLR4 activation can lead to release of Beclin-1 from Bcl-2
via binding to TLR adaptor proteins which initiate an
autophagy response [25]. Additionally, evidence suggests
that considerable cross-talk exists between autophagy and
the interferon response [26]. For example, expression of
RNA-dependent eIF2a. protein kinase (PKR), an important
interferon-stimulated gene (ISG) product is essential for
autophagic degradation of HSV-1 [27]. Collectively, studies
such as these demonstrate an integral role of autophagy in
innate immunity. Cytosolic proteins have been shown to
be constitutively delivered to multi-vesicular MHC class
II-loading compartments via fusion with autophagosomes.
In this way, targeting of the influenza matrix protein 1 to
autophagosomes led to strongly enhanced MHC class II
presentation to CD4+ T cell clones [28]. Autophagy can
also influence MHC class I presentation and enhance the
presentation of viral antigens during HSV-1 infection [29].

With such an important role in the host response to
infection, it is unsurprising that autophagy is modulated
by viruses. Herpesviruses are targeted for degradation
by autophagy (a process referred to as xenophagy) and
the HSV-1 Usl1 protein has been shown to inhibit PKR-
mediated induction of autophagy [30]. The ICP34.5 protein
of HSV-1 contains a Beclin-1 interacting domain that binds
and inhibits the Beclin-1’s ability to activate autophagy
[31]. Beclin-1 is a common target for virus modulation
and the ASFV A179L gene encodes for a Beclin-1 binding
protein that has a high degree of sequence homology to
the proto-oncogene Bcl-2 [32-34]. Beclin-1 denotes an
important point of convergence between the apoptosis
and autophagy pathways perhaps making it a particularly
useful target for inhibition by viruses [35]. ASFV seems to
exploit this cross-over as exogenous expression of A179L
leads to the inhibition of both apoptosis and the formation
of autophagosomes [33, 36, 37].

Modifying the ability of viruses to control the autophagy
response can significantly alter the outcome of infection.
Infection of mice with the recombinant HSV-1 mutant virus
lacking the Beclin-1 binding domain of ICP34.5 resulted
in reduced mortality compared to wild-type virus [31],
demonstrating the potential for exploiting autophagy as
a means of viral attenuation. A separate study using this
virus showed that infection resulted in a significantly
stronger CD4+ T cell response to recall antigen [38] and
the cellular immune response plays an important role in
protection against ASFV [39, 40]. Therefore, we reasoned

that modulation of autophagy may play an important part
in ASFV replication biology and could provide a target
for rational design of vaccines. For example, the immu-
nogenicity of vaccine strain viruses could be enhanced
by limiting the ability of the virus to modulate autophagy
which may lead to increased antigen presentation and a
greater T-cell response.

METHODS
Cells and viruses

Vero African green monkey kidney cells were cultured in
DMEM supplemented with 10% FCS, 25 mM HEPES and
100 U ml™! streptomycin and 100 U ml™* penicillin. The Vero
adapted Badajoz 1971 strain (Ba71v) and Ba71vAA179L
have been described previously and were grown on Vero
cells [41, 42]. The titre determined by endpoint dilution
on Vero cells using expression of p30 as a marker for
infection. Virus titrations were stained as for confocal
microscopy below using anti-p30 clone C18, read using
an inverted microscope and the TICD50 determined using
the Spearman-Kérber method [43]. For infections, Vero
cells were seeded at 2.5x10*cells cm™ and the following
day virus was diluted in DMEM supplemented with 2%
FCS and incubated on cells for 1h at 37 °C. The inoculum
was removed, the cells washed and replaced with fresh
2%-DMEM - this constituted the 0 h post-infection (hpi)
time point.

SDS-PAGE and immunoblotting

Proteins from cell lysates were resolved by SDS-PAGE
(sodium dodecyl sulphate polyacrylamide gel electropho-
resis) in NuPAGE MES running bufter (ThermoFisher
Scientific) with the exception of gels for LC3 analysis that
were run in NuPAGE MOPS running buffer (ThermoFisher
Scientific). Proteins were transferred onto PVDF membranes
for 1h in transfer buffer (25mM Trizma, 190 mM glycine,
20% methanol), blocked in buffer consisting of TBS with
0.2% (v/v) Tween (TBS-T) and 5% (w/v) milk powder for
1 h, prior to overnight incubation with primary antibody
diluted in blocking bufter. A list of antibodies used for both
immunoblotting and confocal microscopy are provided in
the supplemental data that accompanies this manuscript.
Membranes were washed three times in TBS-T, prior to
incubation with appropriate HRP-conjugated secondary
antibodies, which had been diluted in blocking buffer, for
1 h. Membranes were washed a further three times in TBS-T
prior to detection of chemiluminescence by incubating the
membrane with Pierce ECL Western blotting substrate
(ThermoFisher Scientific) for 3 min. Membranes were
then imaged using a G:Box Chemi system (Syngene). The
Gel Analysis function of Image] was used to calculate the
relative density of loading controls and proteins of interest
and the relative normalised density of proteins of interest
derived by dividing the relative density of the protein of
interest by that of the loading control.



Shimmon et al., Journal of General Virology 2021;102:001637

Confocal microscopy

Cells were fixed in 4% PFA for 30 min followed by permea-
bilisation using methanol and then washed three times with
PBS before incubating for 1h in block buffer consisting
of 10% (v/v) TBS, 0.2% (v/v) NaN3 and 0.2% (v/v) fish
skin gelatin (Sigma). Coverslips were then incubated
for a further hour in primary antibody diluted in block
buffer and then washed three times for 5min in PBS to
remove excess antibody. Next, coverslips were incubated
for 1h with an appropriate secondary antibody diluted
in block buffer and then washed three times in PBS (-)
before incubation with 1 ugml™" DAPI nuclear stain (4,
6-diamidino-2-phenylindole, dihydrochloride, Sigma) in
H,O for 10 min. Finally, coverslips were washed twice in
ddH,0 and then mounted in Vectashield (Vector Laborato-
ries) on glass slides, and sealed using nail varnish. Cells were
visualised using a Leica confocal laser scanning microscope,
and data analysed using LAS X (Leica Confocal Software)
and the ‘Cells” analysis package of Imaris (Oxford Instru-
ments Group, version 9.2.1) using the ‘Cells’ analysis func-
tion. Cells were detected using cytoplasmic LC3 staining or
p30 labelling of protein expression following infection or
transduction. Detection thresholds were adjusted to cover
each cell to the cell boundary. The software was set to detect
puncta of approximately 0.5 um in diameter and cells were
visually inspected to ensure that the software had accurately
identified visible puncta. Analysis was carried out for at
least 30 cells per experimental condition.

Statistics

Statistical analysis of data was performed with Graphpad
(Prism, version 8.2).

RESULTS

The effects of ASFV on autophagy 4h post-infection (hpi)
are shown in Fig. 1. Induction of autophagy was assessed
by counting autophagosomes in cells starved in EBSS in the
presence or absence of virus. Fig. 1(a, b) show that starvation
induced autophagosomes labelled with LC3 in uninfected
cells and mock infected cells, but numbers of LC3 puncta
were reduced in cells infected with ASFV (Fig. 1c) This was
quantified by counting puncta in cells counterstained for
viral protein p30 (Fig. 1d, e). Starvation of control or mock
infected cells in EBSS generated between 10 and 15 puncta per
cell, but it was not possible to detect LC3 puncta in infected
cells identified by immunostaining for p30. Autophagy can
also be assessed by following the conversion of LCI to LC3II
during the conjugation of LC3 to phosphatidylethanolamine
(PE) in the autophagosome membrane. Western blot (Fig. 1f)
shows that the levels of the faster migrating LC3II increased
after starvation but LC3II levels were reduced in infected
cells. Taken together with the confocal microscopy data this
suggested that ASFV blocked starvation-induced formation
of autophagosomes in Vero cells. Significant changes in
autophagosome numbers over the course of sixteen hours
were not observed (Fig. S1), consistent with analysis of levels

of LC3II by immunoblotting [33]. Furthermore, ASFV was
able to block the formation of starvation induced autophago-
somes at all of the time points tested (Fig. S1). The ability
of virulent field isolates to inhibit autophagy in porcine
macrophages, which are the natural host cell of ASFV, was
also tested. The high auto-fluorescence of macrophages made
it difficult to identify LC3 puncta by microscopy. Autophago-
some formation was therefore monitored by immunoblotting
for LC3. Similar to what was observed in Vero cells, induction
of autophagy in macrophages infected with the virulent OUR
T88/1 ASFV isolate by Torin2 did not increase levels of LC3-II
(Fig. S2) suggesting that field isolates of ASFV could inhibit
autophagosome formation in primary macrophages.

The autophagy cargo protein, SQSTM1/p62 is degraded after
the fusion of autophagosomes with lysosomes. This allows a
fall in levels of p62 to serve as a useful index of autophagic
degradation. Western blots (Fig. 2a, b) show that starvation
of Vero cells for 1h reduced steady state levels of p62 by
approximately one half, and this was blocked by addition
of the vacuolar H+ATPase inhibitor bafilomycin Al, that
prevents fusion between autophagosomes and lysosomes [44].
This drop in p62 was seen in cells mock infected for 4 or 12h
prior to starvation, but the loss of p62 was not seen in when
cells infected with ASFV were starved in EBSS (Fig. 2d, e)

Beclin-1 is part of the Vps34 lipid kinase complex upstream of
the Atg5-Atgl2 and Atg8/LC3 conjugation systems. Beclin-1
is held in an inactive complex with Bcl2 and dissociation of
Beclin 1 from Bcl2 is required for autophagy induction [45].
The Bcl-2 homologue A179L encoded by ASFV interacts
with Beclin-1 [33, 37, 46] and can prevent starvation induced
formation of autophagosomes in transduced cells [37]. The
possibility that A179L provided the inhibition of autophagy
observed in Figs 1 and 2 was tested by assessing autophagy
in starved cells infected with a viral strain carrying a dele-
tion in A179L (Ba71vAA179L). Figs S1 and S3 shows that
autophagosome formation was inhibited following infection
with Ba71vAA179L suggesting that A179L is not necessary for
viral inhibition of autophagy. A179L binds to peptides span-
ning the BH3 motifs of cellular Bcl2 proteins such as Bid, Bim,
and Puma with between 50 to 300 times greater affinity than
to peptides derived from Beclin-1 [46], therefore A179L may
preferentially interact with other Bcl2 proteins in infected
cells rather than Beclin-1. The apparent absence of a func-
tional role for A179L in ASFV inhibition of autophagosome
formation and the lack of other candidate ASFV encoded
Bcl-2 homologues led us to investigate whether inhibition
of autophagy by ASFV occurred earlier in the autophagy
signalling cascade.

mTORCI is activated in nutrient rich conditions and inhibits
autophagy [47] by phosphorylating ULK1 to supresses the
kinase activity of the ULKI complex. At the same time
mTORCI phosphorylates p70-S6K and 4E-BP1 to increase
translation of mRNA. The effect of ASFV on phosphoryla-
tion of ULK1 (P-ULK1), p70-S6K (P-p70-S6K) and 4E-BP1
(P-4E-BP1) in cells incubated in nutrient media or starved
in EBSS is shown in Fig. 3(a). As expected, starvation of
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Fig. 1. ASFV blocks starvation induced formation of autophagosomes. Vero cells were incubated with media alone (a, e), mock inoculum
(b, f) or Ba71V (c, d, g, h) for 1h.Inocula were removed and cells were incubated for a total of 4 h during which cells were either incubated
in media (a—d) starved in EBSS for the final 2h (e-h). Cells were then processed for, and analysed by, confocal microscopy (Panels a—i)
or immunoblotting (Panel j). (a—h) Confocal images of cells labelled for LC3 (green), nuclei (blue) and p30 (red). Panels ¢ and g shows
the same infected cells as Panel d and h respectively, but with the red channel removed to allow for clearer observation of LC3 staining.
Scale bars represent 10um. (i) The number of LC3 puncta per cell for 30 individual cells per indicated experimental condition was
quantified by Imaris analysis of confocal images (NS - complete cell media, ST - starved in EBSS). Centre lines show the medians and
differences between the indicated medians were tested using a Kruskal-Wallis test. Asterisks represent significant differences in value
between NS and ST conditions ****=P value of <0.0001). (j) Immunoblots were probed with anti-LC3, anti-p30 and y-tubulin antibodies.
The positions of molecular mass markers are indicated to the left of the gels.

uninfected cells decreased phosphorylation of ULK1, p70
S6K and 4E-BP1 indicating inhibition of mTORCI. Levels
of p-ULK1 remained constant during the first 4 hpi of infec-
tion and then rose slightly compared to mock infected cells
up to 16 hpi suggesting up regulation of mMTORCI1 by ASFV.
Interestingly, P-p70-S6K was elevated after 1 h preincubation
with virus (0 hpi). Levels of P-p70-S6K then fell transiently
at 1 hpi, but increased dramatically between 4 to 16 hpi. A
similar, but less pronounced effect was seen with P-4E-BP1.
Analysis of total protein levels of ULK1, p70-S6K and 4E-BP1
as well as y-tubulin showed this was not due to changes in
the steady state levels of the individual proteins. A similar
pattern of phosphorylation of mMTORCI substrates was seen

in macrophages infected with a virulent field strain (Fig. S4).
The results suggested that ASFV inhibited autophagy by acti-
vating mTORCI1 in cells in nutrient media. The activation of
mTORCI by ASFV was tested further by analysing p70-S6K
in starved cells (Fig. 3b). P-p70-S6K was absent from mock
infected cells, however levels of P-p70-S6K increased during
ASFV infection peaking between 4 hpi and 8 hpi, before
decreasing again at 16 hpi. This data suggested that activa-
tion of mTORCI allows ASFV to circumvent activation of
autophagy during starvation.

The activity of mMTORCI1 is increased by Akt either directly via
Akt-mediated phosphorylation and suppression of TSC2, or
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Fig. 2. ASFV inhibits starvation-induced degradation of p62. (a) Vero cells were either incubated in complete cell media (NS), starved in
EBSS (ST) or starved in EBSS in the presence of 100nM bafilomycin A1 (BAF) for 1h. Cells lysates were processed for immunoblot and
probed with anti-p62 and y-tubulin. (b) The relative densities of the p62 bands were calculated by comparison to that of the non-starved
sample before being normalised to the values of y-tubulin. (c, d) Vero cells were incubated with mock inoculum (Panel a) or Ba71V (MOI
5) (Panel b) for 1h and then incubated for a total of 4h or 12 h during which cells were either incubated in complete cell media (NS) or
starved in EBSS (ST) for the final 2h. Cells were lysed and immunoblots probed with anti-p62, anti-p30 and y-tubulin antibodies. (e)
Relative densities of the p62 bands were calculated by comparison to those of the 4 hpi non-starved sample before normalising the
values to those of y-tubulin. This was carried out separately on the mock infected and ASFV infected samples. Finally, the ratio of starved
(ST) to non-starved (NS) values were calculated for mock infected and ASFV infected samples at 4 hpi and 12 hpi. (a, ¢, d) The positions
of molecular mass markers are indicated to the left of the gels. Densitometry data represents the mean of three experiments and error
bars indicate SD. Statistical analysis was carried out using one-way analysis of variance with Tukey multiple comparisons test. Asterisks
represent a significant difference in value between the indicated conditions (*=P value of <0.05, **=P value of <0.01, ***=P value of <0.001).

via inhibition of AMPK [48]. Activation of Akt during ASFV
infection was assessed by Western blot of phosphorylated
T308 and S473 residues on Akt [49] (Fig. 4a). Starvation, or
inhibition of Akt signalling by the PI3K inhibitor LY294002,
led to a reduction in P-Akt T308, and a near absence of P-Akt
S473. ASFV had little effect on phosphorylation of Akt T308,
even so ASFV appeared to activate Akt early during infec-
tion indicated by raised levels of p-Akt S473 at 2 hpi, which
reached a maximum at 4 and 8 hpi and S473 Akt remained
phosphorylated throughout the ASFV replication cycle. This
suggested that activation Akt may drive activation of MTORC1
and inhibition of autophagy by ASFV. It was also possible that
mTORCI may have been activated independently of Akt via
AMPK, which activates the TSC complex.

The possibility that mTORC1 was activated by Akt during
ASFV infection was tested using MK-2206 to inhibit Akt
[50, 51]. Fig. 4(b) shows cells analysed 4h post-infection,
when phosphorylation of Akt appeared to be greatest, and
viral protein p30 could be clearly detected. In conventional
media, raised levels of P-Akt S473 and P-Akt T308 were

evident in ASFV infected cells compared to mock infected
cells indicating viral activation of Akt. At the same time
downstream activation of mTORCI was indicated by phos-
phorylation of p70 S6K. MK-2206 blocked phosphorylation
of Akt T308 in mock and virally infected cells. MK-2206 also
blocked P-Akt S473 in mock infected cells but it was still
possible to detect low levels of P-Akt S473 in ASFV infected
cells. This suggested that MK-2206 alone can inactivate Akt
in mock infected cells, but can only partially inactivate Akt
in ASFV infected cells.

While the mTORCI complexacts asa nutrient sensor upstream
of autophagy, the catalytic subunit of MTORC1 (mTOR) can
be incorporated into a second complex called mMTORC2 that
phosphorylates S473 residue of Akt independently of nutrient
signalling. The preferential phosphorylation of S473 seen in
infected cells suggested that ASFV may activate mTORC2.
The experiments were therefore repeated for cells incubated
with Torinl, which inhibits both mTORCI and mTORC2.
Torin1 resulted in a loss of P-p70-S6K and P-Akt S473 respec-
tively (Fig. 4b). This shows that Torin1 inactivated mTORC1
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or starved (ST) in EBSS for 3h to induce inactivation of mTORC1. (b) Vero cells were infected with Ba71V (MOl 5) and harvested at
multiple time points over a 16 h time course of infection. Prior to harvest, cells were starved for 1h in EBSS. Separately, cells were mock
infected for a total of 16 h and either incubated in complete cell media or starved for 1h in EBSS prior to harvest. (a, b) Cells were lysed,
processed for immunoblot and probed with the indicated antibodies. The time post-infection in hours (hpi) are indicated at the top of the

gel, the positions of molecular mass markers are indicated to the left.

and prevented downstream phosphorylation of p70-S6K,
and also inhibited mMTORC2-mediated phosphorylation of
Akt on S473. Importantly, phosphorylation of Akt T308 was
still apparent indicating activation of Akt by ASFV. This was
confirmed when P-Akt T308 was lost when Akt was inhibited
by MK-2206 in the presence of Torinl, or following starva-
tion in EBSS. Collectively these results suggest that ASFV
inhibits autophagy by two pathways involving Akt. Direct
activation of Akt leads to phosphorylation of S473 and T308
and activation of mMTORCI1, and this is inhibited by MK-2206.
A second pathway activates Akt indirectly through activation
of mTORC2 and phosphorylation of S473.

The effects of Torinl and MK-2206 on generation of LC3
puncta during ASFV infection are shown in Fig. 5. Cells were
preincubated with ASFV for an hour and then incubated in
EBSS for 2 h to activate autophagy. Mock infected cells gener-
ated large numbers of LC3 puncta (Fig. 5a, b), which were
not detected in ASFV infected cells (Fig. 5e, f). Substantial
numbers of autophagosomes were however observed when

infected cells were incubated in EBSS, Torinl and MK-2206
(Fig. 5h, 1). To investigate if this effect was linked to the early
stages of infection the analysis was repeated 4 hpi. In contrast
to 2 hpi, it was difficult to detect LC3 puncta in infected cells
positive for p30 staining (Fig. 5b, ¢). The lower numbers of
autophagosomes present in cells treated with Torinl and
MK-2206 at 4 hpi when compared to 2 hpi suggests that viral
proteins expressed 4 hpi may still be able to supress induc-
tion of autophagosomes. Similar results were observed in cells
infected with Ba71vAA179L (Fig. S5) suggesting even if Akt
and mTORC are inactivated A179L does not contribute to the
block in autophagosome formation.

DISCUSSION

To initiate and sustain a productive infection, viruses require
a tremendous amount of cellular resources which inevitably
activates stress response pathways such as the unfolded
protein response (UPR) and apoptosis. Viruses are thus



Shimmon et al., Journal of General Virology 2021;102:001637

&
O
(@) o 5
o A & O
ST 0o QO3 0 h 1h
- = = = = 4 = 4+ ASFV
S - e e e e s s | Total Akt
52kDa ==
- e W W e s | P-AktS4T3
52kDa ==
I P-Akt T308
52kDa—
31kDa == p30
y—tubulin
MOCK ASFV
(b) - + - 4+ + - + - 4+ + MK2206
- - + + + - - + + + Torinl
- = = = 4 - - - & + EBSS

76kDa ==

e e e e | Total Akt

76kDa ==

P-Akt S473

76kDa = [T

P-Akt T308

76kDa =

76KDa ==
g - - . P-p70 S6K

31kDa—| ....-|p30
[ - - - tubuin

e R e e e | Total P70 SBK

2h 4h 8h 16 h
- + - + - + - + ASFV
S S e e S e e e | Total Akt

52kDa =

W e e e | P-AKt S473
52kDa

S MR B S (poAKtT308

52kDa ==

31kDa =

— — .‘ p30

|- - —— - -] i

Fig. 4. ASFV targets AKT. (a) Vero cells were either mock infected or infected with Ba71V (MOI 5) for 1 h before residual virus was washed
off and the O h time point was harvested. The remaining infected cells were incubated in 2% media and harvested at multiple time points
over a 16h time course of infection. Control cells were either non-starved (NS) in complete cell media, starved (ST) in EBSS, incubated
in media containing DMSO or incubated in media containing 50 nM LY294002 for 3 h. (b) Vero cells were incubated with mock inoculum
(mock infected) or Ba71V (MOI 5) for 1 h. Inocula were removed and cells were incubated for a total of 4 h. During the last 2 h, cells were
incubated in regular 2% media or in 2% media containing 200nM Torin1 or 5uM MK-2206 or a combination of both drugs. Separately,
cells were starved in EBSS in the presence of both drugs. (a, b) Cells were then lysed, processed for immunoblot and probed with
antibodies against the indicated proteins. The positions of molecular mass markers are indicated to the left of the gels.

required to overcome or limit the effects of these pathways
and research has showed that ASFV encodes multiple modu-
lators for this purpose [52]. Autophagy is a highly conserved
process that is not only vital to the host cell stress response
but also plays an integral role in both innate and adaptive
immunity. Presenting such a potent threat, autophagy is
specifically targeted for inhibition by numerous viruses and
even harnessed by some to act in a pro-viral manner [53-56].
ASFV encodes a protein, A179L that was shown to specifically
bind to the key autophagy protein Beclin-1 which forms part
of the Vps34 lipid kinase complex [33]. The Vps34 complex
is essential during the very early stages of the autophagy
pathway and over-expression of A179L inhibits the forma-
tion of starvation-induced autophagosomes [37]. Research
has showed however that viruses often modulate autophagy

at multiple steps in the pathway. For example, HSV-1 inhibits
Beclin-1 function but can also inhibit stimulatory signals that
are situated higher up in the pathway [30, 31].

LC3-labelling for autophagosomes in Veros cells infected
with the tissue culture adapted strain Ba71V showed that
ASFV infected cells had reduced numbers of autophago-
somes at 4 hpi when compared to control cells under
nutrient replete conditions. This suggested that ASFV does
not promote autophagy during the early stages of viral repli-
cation and is consistent with previous results shown at later
time points during the virus replication cycle [33]. Cells were
then starved to test if autophagy is inhibited by ASFV and in
comparison to the high number of autophagosomes detected
in control cells, a significantly lower number were detected
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Fig. 5. Biomodal inhibition of autophagosome formation by ASFV. Vero cells were incubated with mock inoculum (Panel a, d, g) or Ba71V
(MOI'5) (Panels b, ¢, e, f, h, i) for 1h. Inocula were removed and cells were incubated for a total of either 2h (a—f) or 4h (g-i) either in the
presence (d-i) or absence (a—c) of 200nM Torin1 and 5uM MK-2206 (T1/MK). Cells were also starved by incubating with EBSS for the
final 2 h of the incubation, i.e. throughout the 2 h incubation. Cells were then fixed and labelled with antibodies against LC3 (green), p30
(red) or with DAPI (blue). Panels c, f show the same infected cells as Panels B and E respectively but with the red channel removed to
allow for clearer observation of LC3 staining. Scale bars represent 10 um.

in cells infected with ASFV, suggesting that the virus actively
inhibits autophagy. Western blot analysis of LC3-II levels
showed that ASFV was able to block starvation-induced
accumulation of LC3-1II in both cultured cells and primary
macrophages at early times post-infection. Confocal experi-
ments showed that ASFV could inhibit autophagy during
later time points in Vero cells, however this would need to
be confirmed in macrophages. Consistent with inhibition
of autophagosome formation p62 levels in starved ASFV
infected Vero cells were not significantly degraded during
the early or late stages of infection suggesting that the
breakdown of cargo via autophagosome-lysosome fusion,

known as autophagic flux, is inhibited by ASFV. Inhibition
of LC3 lipidation in ASFV infected cells is different to that
observed after infection by with vaccinia virus where aber-
rant lipidation of LC3 is promoted by direct conjugation
between ATG12 and ATG3 [57].

ASFV encodes for a Bcl2 homologue that has been shown
to interact with Beclin-1 in yeast two hybrid screens and is
capable of blocking autophagosome formation when over-
expressed exogenously [33, 37]. However, an A179L ASFV
deletion mutant virus was unable to prevent formation of
autophagosomes suggesting that if A179L does play a role
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Fig. 6. Model of ASFV autophagy modulation. ASFV activates Akt and
mTORC2. Activated Akt in turn activates mTORC1 which switches off
autophagy via its action on ULK1. Blocking Akt and mTORC2 activity
rescues autophagy early during infection, however ASFV supresses
autophagy at an unknown point later.

in inhibiting autophagy in infected cells, it is not the only
means of inhibition employed by the virus. Activation of
mTORCI is often required by viruses to maintain protein
translation and its activation also inhibits autophagy via the
ULK1 complex. In ASFV infected Vero cells, mTORCI was
active during both early and late stages of the replication cycle
and furthermore the virus was capable of blocking inactiva-
tion of mTORCI by starvation, suggesting that mTORC1 is
specifically targeted by the virus. Activation of mMTORC1 was
observed in a time-dependent manner, becoming increas-
ingly apparent as infection progressed which may suggest that
the expression of virally encoded proteins are required for
this effect. This has been reported for HSV-1, where expres-
sion of the US3 kinase protein is directly linked to mTORC1
activation [58]. Irrespective of the underlying mechanism, the
ability of ASFV to activate mTORCI represents a clear means
by which autophagy may be inhibited. The ability of ASFV
to maintain mTORCI activity under conditions of cellular
stress is shared with human cytomegalovirus, highlighting
the importance of this pathway for successful propagation of
large double stranded DNA viruses [59, 60].

mTORCI activation is in turn regulated by activated Akt
which can be measured by analysing phosphorylation at
residues S473 and T308 [49]. Akt was active throughout the
replication cycle and greater levels of phosphorylation at $473
were observed in ASFV infected cells when compared to mock
infected cells between 2 and 8 hpi. This suggests that mTORC
and autophagy induction may be regulated at the point of Akt
activation during viral infection. Phosphorylation of Akt at
$473 is carried out by mTORC2 [61] which could suggest that
mTORC2 activity may be stimulated by ASFV. The capacity of
ASFV to inhibit autophagy induction in the absence of Akt/
mTORCI activity was investigated using pharmacological
inhibitors. Both MK-2206 and Torin1 were required to block
phosphorylation of Akt at both S473 and T308 in ASFV
infected cells. The observation that Torinl, an mTORC2
inhibitor, was required to completely inactivate Akt in ASFV
infected cells is consistent with the idea that mMTORC2 may
be targeted by ASFV to drive Akt activation. Techniques for
the specific inhibition of mMTORC?2 are beginning to emerge
[62] which could be useful in determining if mTORC2 plays
arole in ASFV infection. Future studies could also test if Akt
is exclusively responsible for the activation of mTORC1 or if
ASFV may be activating mTORCI via alternative means such
as virally encoded proteins. The PI3K/Akt signalling cascade
is commonly targeted by viruses that rely on cap-dependent
translation such as mammalian DNA viruses as they require
active mTORCI to maintain protein translation [63, 64]. The
activation of the PI3K/Akt pathway by vaccinia virus (VACV)
was shown to be required for viral growth although this was
also linked to the inhibition of apoptosis [65]. Similarly, flavi-
viruses such as dengue virus and Japanese encephalitis virus
activate the PI3K/Akt pathway which has an anti-apoptotic
affect, as a block in this activation induced apoptotic cell death
in the early stages of infection [66]. Human papillomavirus
has been shown to activate the PI3K/Akt pathway, leading to
the activation of mTORCI1 and the inhibition of autophagy
which benefits viral replication [67].

Inhibition of autophagosome formation at 2 hpi was concomi-
tant with activated mTORCI and Akt, but low levels of viral
gene expression, furthermore inhibition of autophagosomes
at this time point could be prevented by pharmacological
inhibition of Akt and mTORCI. This implies that activa-
tion of Akt was dependent on factors other than viral gene
expression and it is possible that virus entry itself can induce
activation of Akt as seen during VACV infection [65, 68]. As
well as inhibiting autophagy via mTORCI, activated Akt can
act directly on Beclin-1 [69] which could also contribute to
early inhibition of autophagy after ASFV infection. By 4 hpi,
early viral protein expression is well established and ASFV is
able to substantially reduce the number of starvation-induced
autophagosomes even in the presence of MK-2206 and Torinl.
This was observed in cells infected with both wild-type virus
and cells infected with Ba71vAA179L suggesting that either
A179L does not play a role in the inhibition of autophagy
or that additional viral proteins are involved. ASFV particles
contain 68 more viral proteins [70] that could play a role in
manipulating host responses during or shortly after entry. The
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R298L gene encodes for a serine/threonine protein kinase that
is incorporated into the virus capsid and the phosphoryla-
tion targets of this viral protein are unknown. Transcriptional
mapping of the ASFV genome has identified at least thirty five
genes in addition to A179L that are expressed early during
ASFV replication [71] and therefore could be involved in
supressing autophagosome formation.

These studies reveal that the inhibition of autophagy by
ASFV is multi-layered and linked to diverse elements of the
autophagy pathway (Fig. 6). The involvement of the Akt/
mTORCI signalling cascade in addition to virally encoded
modulators could point to a model of phased control. The
PI3K/Akt pathway may be activated first at the point of virus
entry to provide a preliminary defence mechanism against
autophagy but as the viral replication cycle progresses and
host cell stress responses are activated, an additional level
of control is implemented by expression of viral factors. In
this scenario, an attempt to limit the ability of the virus to
inhibit autophagy by gene deletion would need to address
both phases of modulation and consequently it may prove
challenging to overcome this. Nevertheless, this work has
provided further insight into the complex interaction between
ASFV and the host cell. As well as implementing an immune
evasion strategy, ASFV is required to optimise cell function
for efficient replication as well as prolong cell survival.

Funding information

This research was funded by United Kingdom Research and Innova-
tion (UKRI) grant numbers BBS/E/I/00001709, BBS/E/I/00002120,
BBS/E/1/00007034, BBS/E/I/00007037 and BBS/E/I/00007039.

Author contributions

Conceptualization, C.L.N. and T.E.W.; methodology, G.L.S., J.Y.K.H. and
C.LN,; formal analysis, G.L.S., JYKH. and C.L.N.; writing—original
draft preparation, G.L.S. and C.L.N.; writing—review and editing, G.L.S.,
JYKH., TEW. and C.L.N. All authors have read and agreed to the
published version of the manuscript.

Conflicts of interest
The authors declare that there are no conflicts of interest.

References

1. Afonso CL, Piccone ME, Zaffuto KM, Neilan J, Kutish GF, et al.
African swine fever virus multigene family 360 and 530 genes
affect host interferon response. J Virol 2004;78:1858-1864.

2. deOliveiraVL, Almeida SC, Soares HR, Crespo A, Marshall-Clarke S,
et al. A novel TLR3 inhibitor encoded by African swine fever virus
(ASFV). Arch Virol 2011;156:597-609.

3. Correia S, Ventura S, Parkhouse RM. Identification and utility of
innate immune system evasion mechanisms of ASFV. Virus Res
2013;173:87-100.

4. Reis AL, Abrams CC, Goatley LC, Netherton C, Chapman DG, et al.
Deletion of African swine fever virus interferon inhibitors from the
genome of a virulent isolate reduces virulence in domestic pigs
and induces a protective response. Vaccine 2016;34:4698-4705.

5. Reis AL, Goatley LC, Jabbar T, Sanchez-Cordon PJ, Netherton CL,
et al. Deletion of the African swine fever virus gene DP148R does
not reduce virus replication in culture but reduces virus virulence
in pigs and induces high levels of protection against challenge. J
Virol 2017;91.

6. O'Donnell V, Holinka LG, Gladue DP, Sanford B, Krug PW, et al.
African swine fever virus Georgia isolate harboring deletions of
MGF360 and MGF505 genes is attenuated in swine and confers

10

20.

21.

22.

23.

24.

25.

26.

protection against challenge with virulent parental virus. J Virol
2015;89:6048-6056.

O'Donnell V, Holinka LG, Sanford B, Krug PW, Carlson J, et al.
African swine fever virus Georgia isolate harboring deletions of
9GL and MGF360/505 genes is highly attenuated in swine but does
not confer protection against parental virus challenge. Virus Res
2016;221:8-14.

Monteagudo PL, Lacasta A, Lopez E, Bosch L, Collado J, et al.
BA71DeltaCD2: A new recombinant live attenuated African swine
fever virus with cross-protective capabilities. J Virol 2017;91.
Chen W, Zhao D, He X, Liu R, Wang Z, et al. A seven-gene-deleted
African swine fever virus is safe and effective as a live attenuated
vaccine in pigs. Sci China Life Sci 2020;63:623-634.

Borca MV, Carrillo C, Zsak L, Laegreid WW, Kutish GF, et al. Dele-

tion of a CD2-like gene, 8-DR, from African swine fever virus affects
viral infection in domestic swine. J Virol 1998;72:2881-2889.

. Zsak L, Lu Z, Kutish GF, Neilan JG, Rock DL. An African swine fever

virus virulence-associated gene NL-S with similarity to the herpes
simplex virus ICP34.5 gene. J Virol 1996;70:8865-8871.

Lewis T, Zsak L, Burrage TG, Lu Z, Kutish GF, et al. An African swine
fever virus ERV1-ALR homologue, 9GL, affects virion maturation
and viral growth in macrophages and viral virulence in swine. J
Virol 2000;74:1275-1285.

O'Donnell V, Holinka LG, Krug PW, Gladue DP, Carlson J, et al.
African Swine Fever Virus Georgia 2007 with a Deletion of
Virulence-Associated Gene 9GL (B119L), when Administered at
Low Doses, Leads to Virus Attenuation in Swine and Induces
an Effective Protection against Homologous Challenge. J Virol
2015;89:8556-8566.

Borca MV, O'Donnell V, Holinka LG, Risatti GR, Ramirez-Medina E,
et al. Deletion of CD2-like gene from the genome of African swine
fever virus strain Georgia does not attenuate virulence in swine.
Sci Rep 2020;10:494.

Golding JP, Goatley L, Goodbourn S, Dixon LK, Taylor G, et al.
Sensitivity of African swine fever virus to type | interferon is
linked to genes within multigene families 360 and 505. Virology
2016;493:154-161.

Neilan JG, Zsak L, Lu Z, Kutish GF, Afonso CL, et al. Novel swine
virulence determinant in the left variable region of the African
swine fever virus genome. J Virol 2002;76:3095-3104.

Boya P, Reggiori F, Codogno P. Emerging regulation and functions
of autophagy. Nat Cell Biol 2013;15:713-720.

Noda T, Ohsumi Y. Tor, a phosphatidylinositol kinase homologue,
controls autophagy in yeast. J Biol Chem 1998;273:3963-3966.

Long X, Ortiz-Vega S, Lin Y, Avruch J. Rheb binding to mammalian
target of rapamycin (mTOR) is regulated by amino acid sufficiency.
J Biol Chem 2005;280:23433-23436.

Funderburk SF, Wang QJ, Yue Z. The Beclin 1-VPS34 complex-
-at the crossroads of autophagy and beyond. Trends Cell Biol
2010;20:355-362.

Petiot A, Ogier-Denis E, Blommaart EF, Meijer AJ, Codogno P.
Distinct classes of phosphatidylinositol 3'-kinases are involved in
signaling pathways that control macroautophagy in HT-29 cells. J
Biol Chem 2000;275:992-998.

Chan TO, Rittenhouse SE, Tsichlis PN. AKT/PKB and other
D3 phosphoinositide-regulated kinases: kinase activation by
phosphoinositide-dependent phosphorylation. Annu Rev Biochem
1999,68:965-1014.

Castelld A Quintas A, Sanchez EG, Sabina P, Nogal M, et al. Regula-
tion of host translational machinery by African swine fever virus.
PLoS Pathog 2009;5:e1000562.

Levine B. Eating oneself and uninvited guests: autophagy-related
pathways in cellular defense. Cell 2005;120:159-162.

Shi CS, Kehrl JH. MyD88 and Trif target Beclin 1 to trigger
autophagy in macrophages. J Biol Chem 2008;283:33175-33182.

Tian Y, Wang ML, Zhao J. Crosstalk between autophagy and type |
interferon responses in innate antiviral immunity. Viruses 2019;11.



Shimmon et al., Journal of General Virology 2021;102:001637

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

Talléczy Z, HWt V, Levine B. PKR-dependent autophagic degrada-
tion of herpes simplex virus type 1. Autophagy 2006;2:24-29.

Schmid D, Pypaert M, Munz C. Antigen-loading compartments for
major histocompatibility complex class Il molecules continuously
receive input from autophagosomes. Immunity 2007;26:79-92.

English L, Chemali M, Duron J, Rondeau C, Laplante A, et al.
Autophagy enhances the presentation of endogenous viral anti-
gens on MHC class | molecules during HSV-1 infection. Nat
Immunol 2009;10:480-487.

Lussignol M, Queval C, Bernet-Camard MF, Cotte-Laffitte J, Beau |,
et al. The herpes simplex virus 1 Us11 protein inhibits autophagy
through its interaction with the protein kinase PKR. J Virol
2013;87:859-871.

Orvedahl A, Alexander D, Talloczy Z, Sun Q, Wei Y, et al. HSV-1
ICP34.5 confers neurovirulence by targeting the Beclin 1 autophagy
protein. Cell Host & Microbe 2007;1:23-35.

Kroemer G. The proto-oncogene Bcl-2 and its role in regulating
apoptosis. Nat Med 1997;3:614-620.

HernaezB,Cabezas M, Muiioz-MorenoR,Galindo|, Cuesta-Geijo MA,
etal. A179L, a new viral Bcl2 homolog targeting Beclin 1 autophagy
related protein. Curr Mol Med 2013;13:305-316.

Neilan J, Lu Z, Afonso C, Kutish G, Sussman M, et al. An African
swine fever virus gene with similarity to the proto-oncogene bcl-2
and the Epstein-Barr virus gene BHRF1.J Virol 1993;67:4391-439%4.

Liang XH, Kleeman LK, Jiang HH, Gordon G, Goldman JE, et al.
Protection against fatal Sindbis virus encephalitis by beclin, a
novel Bcl-2-interacting protein. J Virol 1998;72:8586-8596.

Revilla Y, Cebrian A, Baixeras E, Martinez C, Vifiuela E, et al. Inhibi-
tion of apoptosis by the African swine fever virus bcl-2 homologue:
role of the BH1 domains. Virology 1997;228:400-404.

Banjara S, Shimmon GL, Dixon LK, Netherton CL, Hinds MG, et al.
Crystal Structure of African Swine Fever Virus A179L with the
Autophagy Regulator Beclin. Viruses 2019;11.

Leib DA, Alexander DE, Cox D, Yin J, Ferguson TA. Interaction
of ICP34.5 with Beclin 1 modulates herpes simplex virus type 1
pathogenesis through control of CD4+ T-cell responses. J Virol
2009;83:12164-12171.

King K, Chapman D, Argilaguet JM, Fishbourne E, Hutet E, et al.
Protection of European domestic pigs from virulent African
isolates of African swine fever virus by experimental immunisa-
tion. Vaccine 2011;29:4593-4600.

Oura CA, Denyer MS, Takamatsu H, Parkhouse RM. In vivo deple-
tion of CD8+ T lymphocytes abrogates protective immunity to
African swine fever virus. J Gen Virol 2005;86:2445-2450.

Enjuanes L, Carrascosa AL, Moreno MA, Vifnuela E. Titration of
African swine fever (ASF) virus. J Gen Virol 1976;32:471-4717.

Barber C. Stress Modulators Encoded by African Swine Fever Virus.
St George's, University of London, 2015.

Karber G. Beitrag zur kollektiven Behandlung pharmakologis-
cher Reihenversuche. Archiv f experiment Pathol u Pharmakol
1931;162:480-483.

Yamamoto A, Tagawa Y, Yoshimori T, Moriyama Y, Masaki R, et al.
Bafilomycin A1 prevents maturation of autophagic vacuoles by
inhibiting fusion between autophagosomes and lysosomes in rat
hepatoma cell line, H-4-1I-E cells. Cell Struct Funct 1998;23:33-42.

He C, Klionsky DJ. Regulation mechanisms and signaling pathways
of autophagy. Annu Rev Genet 2009;43:67-93.

Banjara S, Caria S, Dixon LK, Hinds MG, Kvansakul M. Structural
Insight into African Swine Fever Virus A179L-Mediated Inhibition
of Apoptosis. J Virol 2017;91.

Yang Z, Klionsky DJ. Mammalian autophagy: core molec-
ular machinery and signaling regulation. Curr Opin Cell Biol
2010;22:124-131.

Hahn-Windgassen A, NogueiraV, Chen CC, Skeen JE, Sonenberg N, et al.
Akt activates the mammalian target of rapamycin by regulating cellular
ATP level and AMPK activity. J Biol Chem 2005;280:32081-32089.

11

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Alessi DR, Andjelkovic M, Caudwell B, Cron P, Morrice N, et al.
Mechanism of activation of protein kinase B by insulin and IGF-1.
Emboj 1996;15:6541-6551.

Yan L. Abstract #DDT01-1: MK-2206: A potent oral allosteric AKT
inhibitor. Cancer Res 2009;69:DDT01-1-DDT-1.

Reilly R, Mroz MS, Dempsey E, Wynne K, Keely SJ, et al. Targeting
the PI3K/Akt/mTOR signalling pathway in Cystic Fibrosis. Sci Rep
2017;7:7642.

Dixon LK, Islam M, Nash R, Reis AL. African swine fever virus
evasion of host defences. Virus Res 2019;266:25-33.

Kirkegaard K. Subversion of the cellular autophagy pathway by
viruses. Curr Top Microbiol Immunol 2009;335:323-333.

Jackson WT, Giddings TH, Taylor MP, Mulinyawe S, Rabinovitch M,
et al. Subversion of cellular autophagosomal machinery by RNA
viruses. PLoS Biol 2005;3:e156.

Prentice E, Jerome WG, Yoshimori T, Mizushima N, Denison MR.
Coronavirus replication complex formation utilizes components of
cellular autophagy. J Biol Chem 2004;279:10136-10141.

Nakashima A, Tanaka N, Tamai K, Kyuuma M, Ishikawa Y, et al.
Survival of parvovirus B19-infected cells by cellular autophagy.
Virology 2006;349:254-263.

Moloughney JG, Monken CE, Tao H, Zhang H, Thomas JD, et al.
Vaccinia virus leads to ATG12-ATG3 conjugation and deficiency in
autophagosome formation. Autophagy 2011;7:1434-1447.

Chuluunbaatar U, Roller R, Feldman ME, Brown S, Shokat KM,
et al. Constitutive mTORC1 activation by a herpesvirus Akt surro-
gate stimulates mRNA translation and viral replication. Genes Dev
2010;24:2627-2639.

Clippinger AJ, Maguire TG, Alwine JC. Human cytomegalovirus
infection maintains mTOR activity and its perinuclear localization
during amino acid deprivation. J Virol 2011;85:9369-9376.

Yu Y, Alwine JC. Human cytomegalovirus major immediate-early
proteins and simian virus 40 large T antigen can inhibit apop-
tosis through activation of the phosphatidylinositide 3'-OH kinase
pathway and the cellular kinase Akt. J Virol 2002;76:3731-3738.

Sarbassov DD, Guertin DA, Ali SM, Sabatini DM. Phosphorylation
and regulation of Akt/PKB by the rictor-mTOR complex. Science
2005;307:1098-1101.

Murray ER, Cameron AJM. Towards specific inhibition of mTORC2.
Aging (Albany NY) 2017,9:2461-2462.

Dunn EF, Connor JH. HijAkt: The PI3K/Akt pathway in virus replica-
tion and pathogenesis. Prog Mol Biol Transl Sci 2012;106:223-250.

Hemmings BA, Restuccia DF. PI3K-PKB/Akt pathway. Cold Spring
Harb Perspect Biol 2012;4:a011189.

Soares JA, Leite FG, Andrade LG, Torres AA, De Sousa LP, et al.
Activation of the PI3K/Akt pathway early during vaccinia and
cowpox virus infections is required for both host survival and viral
replication. J Virol 2009;83:6883-6899.

Lee CJ, Liao CL, Lin YL. Flavivirus activates phosphatidylinositol
3-kinase signaling to block caspase-dependent apoptotic cell death
at the early stage of virus infection. J Virol 2005;79:8388-8399.
Surviladze Z, Sterk RT, DeHaro SA, Ozbun MA. Cellular entry of
human papillomavirus type 16 involves activation of the phos-
phatidylinositol 3-kinase/Akt/mTOR pathway and inhibition of
autophagy. J Virol 2013;87:2508-2517.

Izmailyan R, Hsao JC, Chung CS, Chen CH, Hsu PW, et al. Integrin 31
mediates vaccinia virus entry through activation of PI3K/Akt sign-
aling. J Virol 2012;86:6677-6687.

Wang RC, Wei Y, An Z, Zou Z, Xiao G, et al. Akt-mediated regulation
of autophagy and tumorigenesis through Beclin 1 phosphorylation.
Science 2012;338:956-959.

Alejo A, Matamoros T, Guerra M, Andres G. A proteomic atlas of the
African swine fever virus particle. J Virol 2018;92.

Cackett G, Matelska D, Sykora M, Portugal R, Malecki M, et al. The
African swine fever virus transcriptome. J Virol 2020;94.



	Autophagy impairment by African swine fever virus
	Abstract
	Introduction
	Methods
	Cells and viruses
	SDS-PAGE and immunoblotting
	Confocal microscopy
	Statistics

	Results
	Discussion
	References


