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ABSTRACT African swine fever is an acute hemorrhagic disease of pigs. Extensive
recent spread in the Russian Federation and Eastern Europe has increased the risk to
global pig production. The virus is a large DNA virus and is the only member of the
Asfarviridae family. In pigs, the virus replicates predominantly in macrophages. We
review how the virus overcomes the barriers to replication in the macrophage and
the virus mechanism to inhibit key host defense pathways.
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irulent isolates of African swine fever (ASF) virus cause an acutely lethal hemor-

rhagic disease in domestic pigs and wild boar. Following emergence from the
sylvatic cycle between warthogs and Ornithodoros species of soft ticks in the early
1900s, the virus spread to most sub-Saharan African countries. In 2007, ASF appeared
in Europe for the second time after it was introduced into Georgia, from where it has
spread through the Russian Federation into eastern countries of the European Union
(EU).

As there is no vaccine against ASF, the disease has a very high socioeconomic
impact and threatens the livelihoods of resource-poor farmers. In the Baltic States, the
cost of ASF was estimated to be around $55 million during 2014 and 2015 and the net
benefit of preventing ASF in the United States has been estimated to be US$4500
million (1). Further spread of the disease throughout the world might have disastrous
consequences for global supplies of pork, an increasingly important source of relatively
cheap protein.

ASF virus (ASFV) is the only known DNA virus that replicates in both mammalian and
arthropod hosts. Since ASFV replicates predominantly in the cell cytoplasm, the 170- to
190-kbp genome encodes the enzymes and factors for genome replication and tran-
scription, but the virus devotes considerable coding capacity to genes that help the
virus survive and evade the host’s defenses (Table 1).

MACROPHAGE AS TARGET CELLS FOR VIRUS REPLICATION

ASFV replicates predominantly in macrophages. Since these cells play a key role in
activating and orchestrating the host’s innate and adaptive responses, this provides the
virus with a critical advantage to block or manipulate these responses (Fig. 1). However,
this strategy comes at a cost since macrophages are at the frontline in the sensing and
destruction of pathogens and activation of the host’s defense. Strategies to overcome
these barriers are critical. Thus, ASFV provides an excellent model to better understand
how viruses replicate in and manipulate macrophage functions.

To enter swine macrophages, ASFV can use either clathrin-mediated endocytosis,
which involves virus interaction with an as yet unknown receptor, or macropinocytosis,
a nonspecific uptake mechanism (2). The virus core enters the cell cytoplasm following
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TABLE 1 Host cell pathways known to be modulated by African swine fever virus

infection?
Host antiviral pathway | Effect of ASFV infection | ASFV modulatory Phenotype of gene
proteins deletion mutants
Type | IFN induction Inhibition by virulent MGF360 and Non-essential. Gene
isolates MGF505/530 deletions attenuate in
vivo
1329L Non-essential
Type I IFN responses Inhibition by virulent MGF360 and
isolates MGF505/530
Apoptosis Inhibition at early times | Inhibitors: A179L, Non-essential. A224L
and induction at late A224L, EP153R and EP153 do not
times by high- and low- reduce virulence
virulence isolates
Activators: E183L Essential structural
protein
Shut-off of host protein | Inhibition by high- and Inhibitors: DP71L and | Non-essential. Effect on
synthesis low-virulence isolates unknown others virulence dependent on
isolate
Stress responses Activation of ATF6 DP71L and unknown
others
Host transcription Inhibition of activation A238L Non-essential, deletion
factor, e.g., NFAT, NF-kB does not reduce
virulence
Autophagy Unknown Inhibitor: A179L
Lymphocyte activation | Inhibition CD2v (EP402Rp) Non-essential. Effect on
virus dissemination and
virulence dependent on
isolate

aColumn A shows host antiviral pathways known to be modulated by ASFV. Column B shows the
effect of ASFV infection on these pathways, and column C shows ASFV proteins known to
modulate the pathways. Column D indicates whether the gene is known to be essential or
nonessential and also includes any known phenotypic effect of deletion.

fusion of the viral internal membrane with that of the host late endosome compart-
ment in a pH-dependent step to initiate the replication cycle.

Challenges for virus replication in the macrophage include the oxidizing environ-
ment, which might induce DNA damage, and the accumulation of mutations, which
might inhibit virus replication. A specific adaptation of ASFV to replicate in this
environment includes the acquisition of a base excision DNA repair system comprising
a DNA polymerase X, a type | DNA ligase, and an apurinic/apyrimidinic (AP) endonu-
clease. Deletion of the genes encoding either the DNA polymerase X or AP endonu-
clease results in impaired virus growth and an increased mutation frequency of virus
DNA in macrophages compared to that in Vero cells. These data confirm a role for the
repair enzymes in the preservation of viral genetic information in macrophages (3).
ASFV also encodes a protein, A238L, that inhibits host transcription factors involved in
activating transcription of host defense proteins, including inducible nitric oxide syn-
thase (4).

ASFV MANIPULATION OF THE HOST’S DEFENSES TO ENABLE VIRUS
REPLICATION AND INHIBIT HOST INNATE AND ADAPTIVE IMMUNE RESPONSES

ASFV replication requires subversion of several host pathways which can lead to
rapid cell death through programmed pathways, including apoptosis, pyroptosis, and
necrosis. The virus subverts these to keep the host cell alive long enough such that it
can replicate its progeny. After replication, induction of such pathways may be bene-
ficial to induce host cell lysis, particularly as an ordered induction of apoptosis will
recruit phagocytic cells, the principal target cells for ASFV.

Inhibition of cell death by ASFV. ASFV induces apoptosis both in vitro and in vivo,
and in cultured cells, apoptosis is triggered in the absence of virus replication. Apop-
totic signatures in infected cells are detected after DNA replication has commenced,
and the virus encodes at least four proteins that interact with the programmed cell

March 2017 Volume 91 Issue 6 €02338-16

Journal of Virology

jviasm.org 2


http://jvi.asm.org

Gem

FIG 1 African swine fever virus in spleen samples from pigs infected with virulent virus. Pigs were
infected with the virulent ASFV Benin 97/1 isolate, and after 3 days pigs were euthanized and tissue
samples were collected. A section of infected spleen is shown with the myeloid-specific cell surface
marker SWC3 (CD172a) labeled in green and the ASFV p54 protein in red. Bar, 30 um. (Image courtesy
of Pippa Hawes, Pirbright Institute, reproduced with permission.)

death pathway: A179L, A224L, and EP153R can inhibit apoptosis, whereas E183L can
induce it.

The A179L gene of ASFV encodes a bcl-2 homologue that can inhibit the induction
of apoptosis by different stimuli in a BH1 domain-dependent manner (5). More recently,
A179L was shown to directly interact with a broad range of BH3-only cellular proteins,
including Bid, and can inhibit apoptotic signaling induced by overexpression of such
proteins. A179L can also interact with beclin-1, a critical regulator of autophagy,
suggesting that this viral protein can modulate a wider range of potential host cell
responses to infection (21).

A224L is a nonessential homologue of the cellular inhibitor of the apoptosis protein
(IAP) family of genes that can protect cells from external induction of apoptosis through
an interaction with caspase-3 (6). Deletion of A224L does not affect the virulence of
ASFV in pigs but may play a more important role in the wildlife hosts, such as the tick
or warthog.

Recombinant ASFV lacking the C-type lectin EP153R induced increased apoptosis
after infection of macrophages (7), suggesting that this protein may also play a role in
regulating programmed cell death. Conversely, the E183L gene, which encodes the
structural protein p54, induces caspase-3 activity and apoptosis through a mechanism
that requires a 13-amino-acid dynein binding motif (8) that is similar to a dynein light
chain-8 binding motif in the BH3-only proapoptotic protein Bim. Bim is recruited from
the cytoskeleton to mitochondria in infected cells at a time similar to the time for the
increase in other indicators of apoptosis. p54 may be involved in the transport of virions
along microtubules after entry as well as retaining membranes involved in assembly in
the virus factories. The interaction between p54 and the microtubular network may
contribute to the induction of apoptosis that is triggered shortly after ASFV infection.

Cell death resulting from pyroptosis and programmed necrosis signals through
inflammasomes and involves caspase-1 and possibly caspase-8. Research on the inter-
action between ASFV and the different pathways of programmed cell death in mac-
rophages is likely to be fruitful. For example, caspase-3 activity has been reported by
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many authors in Vero cells infected with tissue culture-adapted ASFV. However, exper-
iments in macrophages suggest little caspase-3 activity after infection with virulent field
isolates, although low-virulence isolates do induce caspase-3 activation (9).

Avoiding shutoff of protein synthesis. ASFV inhibits the global shutoff of protein
synthesis triggered by the phosphorylation of translation initiation factor « subunit of
eukaryotic initiation factor 2 (elF2a). elF2« is phosphorylated by the double-stranded
RNA-activated protein kinase PKR and a number of other stress-inducible cellular
kinases. The ASFV DP71L protein recruits host protein phosphatase 1 (PP1) to dephos-
phorylate elF2q, thus restoring global protein synthesis. However, deletion of the
DP71L gene from ASFV did not result in increased phosphorylation of elF2a in
mammalian cells, indicating that the virus has other complementary functions to
reduce elF2a phosphorylation (10). PP1 has many different cellular functions controlled
by the interaction of the protein with different regulatory subunits; as a consequence,
PP1 is relatively conserved. Other viruses inhibit phosphorylation of elF2«a by blocking
the activation of PKR. This may have led to the relatively high divergence of PKR due
to pathogen pressure to evade this critical antiviral defense. Targeting of conserved
points of critical pathways, for example, PP1 rather than PKR, may contribute to the
successful replication of ASFV in diverse mammalian and arthropod hosts.

INHIBITION OF HOST INNATE AND ADAPTIVE RESPONSES

Type | interferon responses. ASFV encodes a suite of proteins that inhibit tran-
scription of type | interferon (IFN), cytokines, chemokines, adhesion molecules, and
other immunomodulatory genes. Secreted IFNs are recognized by cell surface receptors
in both infected and neighboring cells, resulting in expression of interferon-stimulated
genes (ISGs). These have roles in controlling viral replication, in the maturation of
dendritic cells, thus contributing to the cross-presentation of viral antigens to CD8*
cells, and in the activation of natural killer cells.

Virulent isolates of ASFV suppress expression of type | IFN and ISGs in infected
macrophages. Experiments with deletion mutant viruses lacking multiple members of
the multigene family 360 (MGF360) and MGF530 show that these genes inhibit the
induction of IFN and may also have an impact on the STAT signaling cascade and/or
components of the antiviral state (11-13). Importantly, recombinant viruses with similar
deletions of MGF360 and MGF530 that were derived from three different genotypes are
attenuated in pigs (11, 13, 14). This indicates that modulation of the IFN response plays
a crucial role in viral pathogenesis. Interestingly, the deletion of genes from MGF360
and MGF530 severely reduces viral replication in ticks (15). The recent discovery that
ticks may have an IFN-like system dependent on STAT signaling raises the hypothesis
that these genes may have evolved to modulate parallel pathways in both the
mammalian and the arthropod hosts. Despite the importance of these genes in the
inhibition of the IFN response, their mechanism(s) of action remains elusive.

ASFV encodes several other proteins for modulation by the host’s innate immunity
with some redundancy in their mechanisms of action. For example, both 1329L, a viral
Toll-like receptor (TLR) homologue, and A528R inhibit IFN induction by poly(I-C) up-
stream of IRF3 and NF-kB activation (16). The MGF360-15R gene inhibits the same
pathway, but at the level of IRF3. The A528R gene was also shown to inhibit cellular
responses to type | and type Il IFN, a good example of a viral multifunctional protein.

Virulent isolates are resistant to pretreatment of macrophages with IFN (12), show-
ing that ASFV also inhibits the antiviral state. Two host ISG proteins have emerged as
potential targets for ASFV. These are the interferon-induced transmembrane (IFITM)
protein family members, which affect viral entry/uncoating, and MxA, which affects viral
replication (17, 18). Several hundred ISGs are known, and ASFV may also modulate the
functions of a number of these.

Virus adhesion protein CD2v. Infection of swine macrophages with virulent ASFV
isolates causes binding of red blood cells (RBCs) as a result of the interaction between
a virus CD2-like protein (CD2v) and its ligand expressed on these cells. The CD2v
protein is also incorporated into the virus particles, mediating attachment of extracel-
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lular virions to RBCs. This facilitates virus spreading in the host since deletion of the
CD2v gene caused a significant delay in the onset of both viremia and the development
of clinical signs. CD2v was also shown to be immunosuppressive by inhibiting lym-
phocyte proliferation in vitro (19). In addition to its role in the viral pathogenesis in the
mammalian host, deletion of CD2v was also shown to reduce viral replication in the tick
vector. Restoration of CD2v expression resulted in a significant increase in virus titers in
ticks, possibly through enhancement of virus uptake across the gut wall (20). This may
be particularly important for the maintenance of ASFV in the sylvatic cycle, in which the
tick vector is thought to play an essential role.

FUTURE DIRECTIONS

Good progress has been made in understanding the “armory” employed by ASFV
to replicate in the hostile environment of the macrophage and avoid detection by
and activation of the host’s defenses. Research priorities going forward will include
understanding the relative importance of the different entry mechanisms in differ-
ent virus hosts and identification of the host cell receptor(s) and the virus proteins
which interact with these. This information would lead to improved understanding
of the cellular tropism and pathogenesis of the virus and to new targets for vaccine
development.

The failure of the host’s intrinsic and innate immune systems to control virus
replication results in rapid ASFV replication and induction of hemorrhagic pathology in
infected pigs. Evidence suggests that the inhibition of type | IFN induction and
responses by virulent ASFV isolates is of critical importance in facilitating rapid virus
replication and that deletion of genes that inhibit this induction can attenuate the virus.
The host pattern recognition receptors (PRRs) involved in sensing ASFV infection and
the mechanism of virus IFN inhibitory proteins are largely unknown. Several multigene
families (MGFs) have been amplified on the ASFV genome, and an attractive hypothesis
is that these have been selected to evade the host’s innate immune responses. A key
challenge is to understand the targets and functions of these MGFs.

The delayed onset of cell death in infected macrophages and induction of apoptosis
in bystander lymphocytes are key factors in enabling virus replication and immune
evasion. The roles of other cell death pathways, pyroptosis and necrosis, in ASFV
infection are unknown and are particularly relevant since the pathways signal through
inflammasomes. Mechanisms by which apoptosis is induced in uninfected bystander
lymphocytes are also unclear. Additional proteins involved in inhibiting or modulating
translation remain to be characterized. The impact of ASFV on critical host pathways,
including autophagy and inflammasome activation, has been little studied. Recent
analysis of the pig genome has shown differences in the repertoire of host response
genes, including those for inflammasome components and the pyhin domain DNA
sensors between pigs and other mammals. This indicates that there may be important
differences in how these pathways function. Extension of genomic analysis to the
warthog may reveal the basis for their resistance to ASFV.
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