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African swine fever, caused by African swine fever virus (ASFV), is a highly contagious
hemorrhagic disease of domestic pigs. The current continent-wide pandemic has
persisted for over 10 years, and its economy-devastating effect was highlighted after
spreading to China, which possesses half of the world pig industry. So far, development
of an effective and safe vaccine has not been finished largely due to the knowledge
gaps in pathogenesis and immunology, particularly the role of cytokines in the host’s
immune response. Therefore, we performed experiments in domestic pigs to analyze the
kinetics of representative circulating interferons (IFNs), interleukins (ILs), growth factors,
tumor necrosis factors (TNFs), and chemokines induced by infection of type Il virulent
ASFV SY18. Pigs infected with this Chinese prototypical isolate developed severe clinical
manifestations mostly from 3 days post inoculation (dpi) and died from 7 to 8 dpi.
Serum analysis revealed a trend of robust and sustained elevation of pro-inflammatory
cytokines including TNF-a, IFN-a, IL-18, IL-6, IL-8, IL-12, IL-18, RANTES (regulated
upon activation, normal T cell expressed and secreted), and IFN-y-induced protein 10
(IP-10) from 3 dpi, but not the anti-inflammatory cytokines IL-10 and transforming growth
factor-g (TGF-B). Moreover, secondary drastic increase of the levels of TNF-a, IL-1B, IL-6,
and IL-8, as well as elevated IL-10, was observed at the terminal phase of infection.
This pattern of cytokine secretion clearly drew an image of a typical cytokine storm
characterized by delayed and dysregulated initiation of the secretion of pro-inflammatory
cytokine and imbalanced pro- and anti-inflammatory response, which paved a way for
further understanding of the molecular basis of ASFV pathogenesis.

Keywords: African swine fever virus, cytokine storm, domestic pig, proinflammatory cytokine, pathogenesis,
chemokine

INTRODUCTION

African swine fever (ASF), a highly hemorrhagic viral disease of domestic pigs, has been
internationally epidemic for nearly 100 years ever since the first report in Africa in 1921 (1, 2).
The current pandemic of ASF initiated from the introduction to Republic of Georgia in 2007 (3).
Since then, ASF has rapidly spread to other Trans-Caucasian countries, Russia and East Europe,
and highlighted its enormous threat to global swine industry by conquering the world’s biggest
pig producer and consumer, China, in 2018 (4, 5). The causative agent of this devastating disease,
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African swine fever virus (ASFV), is considered the only DNA
arbovirus owing to its capacity to infect several tick species
in the genus Omithodoros (4). Besides soft ticks, which act as
invertebrate competent vectors, ASFV just affects mammalian
animals in the Suidae family, such as warthogs, wild boars, and
domestic pigs. In contrast to the natural reservoir host warthogs,
in which the infection of ASFV is basically asymptomatic (6),
the domestic pigs and wild boars mostly develop severe clinical
manifestations after virus invasion and present a mortality rate
up to 100% roughly in 7-10 days post infection (7, 8), despite
the fact that attenuated virus strains with low virulence may be
isolated over an epidemic period in a certain naive region (9-11).

The virus isolates involved in the present continent-wide
outbreak of ASF are largely highly pathogenic (8). Common
clinical symptoms of domestic pigs suffering from infection of
these strains include sustained high fever, reduced feed intake
to anorexia, vomiting, watery to bloody diarrhea, conjunctivitis,
respiratory distress, reddened skin, cyanosis, severe depression,
huddling, and incoordination (8). Pathologically, systematic
hemorrhagic lesions and enlargement can be observed in
multiple organs including lymph nodes, spleen, kidneys, lungs,
liver, and gastrointestinal tract, accompanied by leukopenia,
thrombocytopenia, and macrophage destruction (7, 8). Despite
many research efforts and increasing knowledge on the
pathogenesis, the basic mechanism how ASFV induces these
clinical and pathological signs largely remains to be understood.
Several hypotheses have been raised. Among them, early studies
focused attention on hemorrhagic lesions, the major acute
pathological characteristic, and considered it could be related
to virus replication, disseminated intravascular coagulation, and
massive destruction of macrophage (8). Moreover, leukopenia,
largely attributed to lymphopenia, is regarded as a result
of apoptosis in lymphocyte populations induced by immune
mediators (1, 7, 8). Nowadays, it is generally accepted that
secretion of cytokines by the infected monocyte-macrophage
system that is considered as the major target of ASFV and
secondarily activated lymphocytes is strongly applied in the
abovementioned biological processes (12, 13).

Cytokines play pivotal roles in all aspects of immune
responses, orchestrating the innate and adaptive immune
response, and therefore, most of the time, act as protectors
against both intrinsic and extrinsic nocuous stimuli, such
as tissue injuries and microbe invasions (14). However, an
exaggerated immune activation with excessive cytokine release
could be rather pernicious. An important instance is the so-
called cytokine storm, also known as cytokine release syndrome
(15). The term “cytokine storm” was firstly coined in the
early 1990s to describe the pathological outcome related to
organ transplantation when an inflammatory response flared
out of control (15, 16). Since 2000, cytokine storm has become
increasingly used not only in non-infectious clinical issues but
also in diseases caused by cytomegalovirus, influenza virus,
variola virus, severe acute respiratory syndrome coronavirus
(SARS-CoV), Middle East respiratory syndrome coronavirus
(MERS-CoV), and the currently pandemic SARS-CoV-2 (17-
19). Recently, cytokine storm is also proved to be associated
with the underlying pathogenesis of viral hemorrhagic disease

such as Lassa fever, yellow fever, dengue, and Ebola viral
disease (20).

Given the fact that ASF and these viral infectious diseases
share very similar clinical and pathological features and that
ASFV-related elevation of secretion level of several cytokines
in vivo and in vitro was reported (1, 8), a hypothesis could
be raised that infection of ASFV in domestic pig could result
in a systematic cytokine storm, which may be associated with
the viral pathogenesis. However, so far, a global picture of
the kinetics of ASFV-induced cytokine release in vivo is not
available (21). Here, we performed experiments in domestic
pigs to analyze the representative circulating interferons (IFNs),
interleukins (ILs), growth factors, tumor necrosis factors (TNFs),
and chemokines promoted by infection of type II virulent
ASFV strain and determined a comprehensive increase of pro-
inflammatory cytokines that drew an image of a typical cytokine
storm. Furthermore, we also showed that cytokines such as IL-
18, IL-6, TNF-q, IL-8, and IL-10 may act as indicators of a lethal
outcome at the endpoint of the infection process.

MATERIALS AND METHODS

Cell Culture and Virus

Bone marrow-derived macrophage (BMDM) was prepared
for virus propagation. Briefly, bone marrow was collected
by washing the medullary cavity of ribs and tibias obtained
from local domestic pigs with RPMI 1640 (Gibco); progenitor
cells were collected after lysis of erythrocyte and double
rinses with phosphate-buffered saline (PBS). The cell pellets
were subsequently resuspended and grown in RPMI 1640
supplemented with 10% fetal bovine serum (Gibco), 100
png/mL penicillin, 100 ug/mL streptomycin, and 250 ng/mL
amphotericin B (Gibco). Cells were seeded at a density of
107 cells/mL in pl00 culture dishes (Corning) and cultured
in an incubator at 37°C in a 5% CO, atmosphere saturated
with water vapor. After a 1-week induction with 20 ng/mL
granulocyte-macrophage colony-stimulating factor (R&D, 711-
PG), the adherent BMDM cells were either directly employed
for virus propagation or harvested via trypsin digestion for
further use. Clean cells, free of ASFV, classical swine fever virus,
parainfluenza virus 5, pig bovine viral diarrhea virus, porcine
epidemic diarrhea virus, porcine reproductive and respiratory
syndrome virus, pseudorabies virus, porcine parvovirus, porcine
circovirus 1/2, and porcine adenovirus, were screened using
conventional or quantitative polymerase chain reaction (qPCR)
assays (technological details are available upon request).

ASFV SY18 (MH766894.1), a type II isolate firstly obtained
from specimens in the initial ASF outbreak in Shenyang, China,
2018, is maintained at —80°C in the biosecurity level 3 lab in
the Institute of Military Veterinary Medicine (5). Virus stocks <5
passages were prepared as simply described below. BMDM cells
were seeded at a density of 2 x 107 per p100 culture dish and
were infected 12 h later with ASFV at a multiplicity of infection
of 0.5. At 96h post infection, the cells were harvested and
underwent three freeze—thaw cycles. The supernatant containing
the viruses was collected after a centrifugation at 3,000 rpm, 4°C
for 15min, and stored in aliquots at —80°C (22). The viruses
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were then titrated using the BMDM cells via fluorescent focus
assay adapted from previous methods (22, 23). The fluorescein
isothiocyanate-labeled monoclonal antibody against ASFV early
protein P30 involved in this assay was laboratory-made based on
conventional procedures (24).

Animal Trials

For biosafety reasons, animal-involved research upon infection
of virulent ASFV was firstly permitted by the Ministry of
Agriculture and Rural Affairs of the People’s Republic of China.
With regard to the animal ethics and welfare, the experimental
design was then evaluated and approved by both the Animal
Welfare and Ethics Committee of the Institute of Military
Veterinary Medicine and the animal biosecurity level 3 (ABSL-3)
lab, under reference number JSYABSL3-D-2(2)-JL084-2019.

Due to the rule of reduction, the sample size was restricted
to three. To ensure the validity of the conclusion drawn, the
animal experiment was permitted to perform twice. In each
trial, three 2- to 4-month-old Duroc-Landrace-Yorkshire piglets
(Sus scofa domestic) with weight between 15 and 25kg were
obtained from a local farm with high biosecurity standards and
hygiene. Before being introduced into the laboratory, the healthy
piglets were screened via conventional or qPCR assays. Those
free of the clinically common porcine viruses mentioned in the
previous subsection were transferred to the ABSL-3 facilities
and were subcutaneously injected with implantable animal
electronical microchip. Pigs were supplied with commercial feed
twice per day and clean water at all times. After 7 days of
acclimatization, the pigs were intramuscularly inoculated at the
left hind limb with 1 mL of PBS diluted supernatant containing
10 fluorescence focus unit of ASFV SY18.

Clinical signs were monitored around 9 am every day after
the first feed. Rectal temperatures were measured with the values
obtained from the electronical microchip (unstable) as reference.
Three to four milliliters of blood samples from the precaval vein
was collected from each pig daily. Sera were then isolated by
centrifugation at 2,000 rpm for 20 min after clotting at room
temperature for 2-3 h and were aliquoted and stored at —40°C.
Viremia of the pigs was determined by detecting the presence
of ASFV genomic DNA in blood through qPCR method (25).
The trial was ended by spontaneous death or euthanasia using
pentobarbital at the humane endpoint.

Enzyme-Linked Immunosorbent Assay

Circulating cytokines in serum were quantitatively analyzed
via sandwich enzyme-linked immunosorbent assay (ELISA).
Commercial ELISA kits of IL-1p (PLB00B), IL-6 (P6000B), TNE-
a (PTA00), IL-8 (P8000), IL-10 (P1000), IL-12/IL-23 p40 (P1240),
and transforming growth factor (TGF)-1 (MBI100B) were
obtained from R&D Systems; kits of RANTES (regulated upon
activation, normal T cell expressed and secreted) (RAB1881),
IP-10 (RAB1132), IFN-a (RAB1131), and IFN-y (RAB0226)
were provided by Sigma-Aldrich®. The ELISA kit targeting
porcine IFN-y (ES9RB) from Invitrogen was also used to further
confirm the results of the level of IFN-y. All detections were
performed strictly according to the instructions supplied by the
manufacturers. The concentrations of cytokine were calculated

according to the standard curve constructed independently in
each assay. All assays were performed twice, and in each assay,
all samples were tested in duplicate.

Statistical Analysis

The data were statistically analyzed with GraphPad Prism 8.0
(GraphPad Software Inc., USA). Data normality was tested with
the Shapiro-Wilk normality test. The significance of temperature
change was analyzed with ordinary one-way analysis of variance
(ANOVA). Cytokine levels of each pig were analyzed using two-
way ANOVA with Tukey’s multiple comparison test. Unless
indicated otherwise, data are shown as means with standard
deviation (SD) of different measures in figures. Statistical
significance was defined as *, p < 0.05; **, p < 0.01; ***, p < 0.001;
and ***, p < 0.0001.

RESULTS

Clinical Observation

In the first animal trial, pigs were marked as 0#, 5#, and 3#,
according to the last number of the microchip code. Among
them, pig #3 died at day 5 post inoculation (dpi); pig #0 died
spontaneously overnight from 7 to 8 dpi; thereafter, pig #5 was
euthanized at 8 dpi since it developed a very similar clinical
process as that of pig #0. Pigs used for the other trial were
remarkably smaller with average body weight of 18 kg and were
designated as #4, #7, and #8. Pig #8 was defeated by ASFV
infection at 7 dpi. The next day, we humanely sacrificed pig #7
because of a rather coincident clinical manifestation as that of pig
#8. However, pig #4 presented only mild clinical signs until 12 dpi
and was euthanized at 14 dpi when it developed severe disease.
Given the fact that pigs generally died from SY18 infection during
7-9 dpi in our preliminary experiments, only pigs #0, #5, #7, and
#8, which showed typical disease courses, were included for data
analysis due to the concern of statistical bias considering the very
limited sample size.

Despite different ages, pigs in both trials developed similar
disease courses. The most common clinical feature, fever, could
be generally observed since 3 dpi and continued until the
termination except for pig #7, with onset of this clinical sign at
5 dpi (Figure 1). Following the initiation of fever, depression and
feed intake reduction were observed. In the second half of the
disease progression, huddling and incoordination occurred in all
animals. Viremia could be detected in accordance with the start of
fever at a relatively low level at 3 dpi with a genome concentration
of approximately 8 copies/L, which rose rapidly in 2 days to 6.78
x 10° copies/L in average and remained at high levels from 5.5
x 10° to 2.34 x 10° copies/pwL (Figure 1).

ASFV Infection Induced a High Level of
Type | IFN Secretion

IFNs are widely accepted as central factors antagonizing virus
infection, among which type I IENs, including IFN-a and IFN-
B, play critical roles in innate immune response (26). Therefore,
we firstly analyzed the level of circulating IFN-a in pigs infected
by SY18. In the first trial, IFN-o in both pigs exploded at 3 dpi,
with a steep increase of average level from 57 to 1,570 pg/mL and
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FIGURE 1 | Kinetics of rectal temperatures. Animals were inoculated with 1,000 FFU (1 mL) of African swine fever virus (ASFV) SY18 intramuscularly. Rectal
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remained at high levels (Figure 2). In parallel, despite a higher
basal level, IFN-a in sera of pigs #7 and #8 still displayed a
process of dramatic rise of 20-40 times to apex at 5 and 3 dpi,
but a decrease of several times was observed thereafter (Figure 2).
Interestingly, in pigs #0 and #8, which spontaneously died, the
IFN-a level significantly reduced for about three times at the
terminal, which indicated a checkpoint of the disease process.

In contrast, the only member of type II IFN, namely IFN-
v, which largely represented the intensity of adaptive immune
response was undetectable all through the infection, although two
distinct commercial ELISA kits were used to validate each other.

Pro-inflammatory TNF and ILs Were
Comprehensively Elevated Upon Virulent
ASFV Infection

We subsequently analyzed the kinetics of the most intensive pro-
inflammatory cytokines including TNF-a, IL-1p, IL-6, and IL-18
in sera of pigs upon SY18 infection. IL-18 became increased since

3 or 4 dpi but showed slightly different patterns in the two trials.
IL-1B levels of pigs #5 and #0 increased nearly 10 times of the
basal level from 3 to 34 pg/mL at 3 dpi, whereas that of pigs #7 and
#8 displayed a relatively gentle elevation (Figure 3). In parallel
with the pattern observed in IFN-a kinetics, there was a sharp
increase of about 4-10 times in 24 h of IL-1f in pigs #0 and #8 just
before the spontaneous death (from 175 to 1,450 pg/mL and from
85 to 356 pg/mL) (Figure 3). With regard to TNF-a, the level
started to rise at 2-4 dpi with a relatively fierce manner (from
65 to 208 pg/mL in average), but declined rapidly thereafter,
and became increased again (Figure 3). A drastic increase in the
terminal phase in pigs #0 and #8 was also observed (from 115.6
to 1,419.4 pg/mL and from 167.9 to 2,252.3 pg/mL) (Figure 3).
The synthesis of IL-6 increased with average level from 2.4 to 11.6
pg/mL at 3 or 5 dpi and kept rising throughout the disease. Again,
the concentration in pigs #0 and #8 promptly rose from 116.5
to 1,403.4 pg/mL and from 50.5 to 1,824.3 pg/mL, respectively,
during the last 24h before death (Figure 3). IL-18 is another
member of IL-1 cytokine family and plays a protective role in
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many virus infections (27). Results showed that ASFV infection
induced a rise of the level of IL-18 very early at 2 or 3 dpi (from
236.2 to 739.2 pg/mL on average), and this increase tendency
remained throughout the disease (Figure 3).

For technical convenience, we directly tested the level of IL-
12 p40 that is synthesized after stimulation but not constitutively
expressed as p35 to represent the level of IL-12 induced by
the intracellularly infected SY18. Like other pro-inflammatory
cytokines, secretion of IL-12 also became increased at 3 or 5 dpi
(from 688.2 to 1,915.4 pg/mL on average) and maintained at high
level until terminals (Figure 3).

Multiple Chemokines Were Involved in the
Response Against ASFV Infection

Although neutrophils are normally not involved in virus
infection, IL-8 secretion is reported in cytokine storm occurring
in viral disease (18, 20). We therefore analyzed the level of this
cytokine in pigs upon SY18 infection. Not surprisingly, IL-8
increased, however, following a unique pattern that the level in
most animals sharply rose and quickly declined at a short time
interval (Figure 4), indicating that the mechanism recovering
from IL-8 accumulation of the host functioned at the first half
of infection. However, echoing with IL-1p, IL-6, TNF-a, and
IFN-a at the final phase, the level of IL-8 in pigs #0 and #8
exploded (from 460.5 to 7,254.7 pg/mL and from 57 to 397.8
pg/mL) at the terminal before spontaneous death (Figure 4),
which suggested that IL-8 could be another indicative target of
disease progression.

We also analyzed the kinetics of RANTES upon SY18
infection. Results showed that a comprehensive dramatic
increase of RANTES initiated at 2-4 dpi and was sustained at
high levels in all animals throughout the infection (Figure 4).

Despite a wide range of cell sources, IFN-y-induced protein
10 (IP-10) is produced, in a greatest proportion, by activated
monocytes/macrophages with response to a variable of stimuli,
such as human immunodeficiency virus, dengue virus, and
hepatitis B virus, and is associated with disease severity (28). In
this regard, we also analyzed the secretion of IP-10 during ASFV
infection in the second trial. As expected, the serum level of this
chemokine dramatically began to increase at 3 or 4 dpi from
5.1 to 28.3 ng/mL on average and kept increasing until the final
phase when it declined, showing a similar pattern with IFN-a
(Figure 4).

The Anti-inflammatory Cytokines Were
Absent in Neutralizing the Prolonged
Pro-inflammatory Response Upon
Infection of ASFV

The anti-inflammatory cytokines exert a negative feedback
regulation loop to balance the host inflammatory response during
virus insults and thereby prevent detrimental immunopathology
induced by excessive pro-inflammatory cytokine secretion and
exuberant immune cell activation (29, 30). Among the anti-
inflammatory cytokines, IL-10 plays a non-redundant role in
vivo, and thus, we measured the serum level of this cytokine
(31-33). Results showed that IL-10 was absent in the early

host response against ASFV infection, but the serum level of
IL-10 in pigs #0 and #8 drastically increased (from 1.1 to
140.5 pg/mL and from 18.9 to 81.2 pg/mL) at the final phase
before spontaneous death (Figure 5). TGF-f, another important
immunoregulatory cytokine, was also analyzed. Although this
cytokine has a variety of cell sources, we did not detect a
consistent increase but sometimes a decrease instead (Figure 5).
These collectively indicated that the mechanism balancing the
pro- and anti-inflammatory response was interrupted during
SY18 infection.

DISCUSSION

The major focus of our study was to characterize the kinetics
of cytokines secreted in vivo, clarifying whether a cytokine
storm was involved in the pathogenesis of ASFV. Monocyte-
macrophages, the primary target cells for replication of ASFV,
play a central role in cytokine network. Thus, several in
vitro studies involved the comparison of cytokine response of
macrophage upon infection of ASFV with different virulence
and found that low-virulent ASFV NH/P68 induced increased
transcription of IFN-a, IL-6, TNF-a, and IL-12 in comparison
with the virulent ASFV L60 (34, 35) and that low virulence ASFV
OURT88/3 or avirulent BA71V induced higher expression of
IFN-B, IL-18, IL-1B, IL-1a, CCLA4, IL-8, and IP-10 compared to
the virulent ASFV Benin 97/1 or 22653/14 (36, 37). However,
results from in vitro and in vivo studies were somewhat
discrepant. It was demonstrated that TNF-a and IFN-a/f could
be readily detected in the serum of animals infected with
virulent isolates (38, 39), which was further confirmed by recent
studies (40, 41). Our work expanded the concept of knowledge
about circulating cytokines induced by virulent type II ASFV
in domestic pigs. The virulent ASFV SY18 induced continuous
increase of almost all key pro-inflammatory cytokines involved
in virus infection but not the anti-inflammatory cytokines, IL-10
and TGF-B1, which, at the first time, clearly drew an image of a
cytokine storm.

The clinical forms of ASFV infection include peracute, acute,
subacute, and chronic, while a virulent type II field strain
generally induces acute infection (8). According to the pattern
of kinetics of cytokine release in the present and previous
studies (41), the disease course of an acute infection with highly
virulent ASFV could be roughly divided into three phases: the
primary phase, covering the period of 0 to 2 dpi with no change
of the serum cytokine levels and no clinical symptoms; the
clinical phase, displaying progressive clinical features, extensively
upregulated pro-inflammatory cytokine release including TNE-
o, IFN-a, IL-1B, IL-6, IL-8, IL-12, IL-18, RANTES, and IP-10,
and sustained fever from 3 to 7 dpi; and the terminal phase, a
constricted interval basically from 7 to 8 dpi characterized with
an additional sharp increase of multiple cytokines (TNF-a, IL-18,
IL-6, IL-8, and IL-10) but a relatively recovered IFN-a.

Despite essential roles of cytokines in responding
appropriately to infectious insults and controlling the invading
microbes, an excessive and prolonged secretion of pro-
inflammatory cytokines is closely related to immunopathological
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outcomes (15). For instance, overexpressed TNF-a, IL-1, and
IL-6 could induce fever, general malaise, fatigue, vascular leakage,
diarrhea, cardiomyopathy, lung injury, vascular leakage, acute-
phase protein synthesis, complement system activation, and

diffuse intravascular coagulation (15, 42). In addition, sustained
and excessive IFN-a/f could also result in a detrimental
response (26). This was in line with the case in the current study
in which a comprehensive elevation of pro-inflammatory
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cytokines  was  observed
clinical manifestations.

During the clinical phase, the increased viremia showed that
the virus began to efficiently spread through circulating system,
accompanied by the first wave of pro-inflammatory cytokine
release. The uncontrolled and sustained increase of cytokines
could possibly result from multiple factors. Accumulating
stimulation by newly synthesized ASFV components and positive
feedback of the pro-inflammatory cytokines through auto-, para-
, and endocrine pathways might contribute to the excessive
activation of both infected and non-infected macrophages,
leading to amplifying cytokine secretion (26). IL-1f, IL-6, and
TNF-a are largely early products of immune response against
invasive microbes. After activation, IL-1p and TNF-a can further
act as activators of bystander cells for IL-6 secretion, which can
in turn enhance the activity of IL-1p and TNF-a, magnifying the
inflammatory response (43, 44). On the other hand, the silence
of anti-inflammatory cytokines exacerbated the imbalance of
immune homeostasis (14, 33). Although the prototypical anti-
inflammatory cytokine, IL-10, is frequently involved in cytokine
storms induced by T cell engaging immunotherapy, influenza
virus and dengue virus infection (15, 18, 20), we did not detect
any secretion of this regulatory cytokine in pigs upon ASFV
SY18 infection except for the final phase, indicating that IL-
10 was prevented or left out in controlling the ASFV-derived
immunopathology. IL-10 is mainly produced by M2 polarized
macrophages, myeloid dendritic cells, T helper 2 cells (Th2), and,
at certain conditions, Th1, Th17, Th9, regulatory T cells (Treg),
B cells, and mast cells (33). Although it was reported that IL-
10 could show an IFN-y-mediating pro-inflammatory effect in
the presence of an ongoing serious inflammatory process (45),
the IFN-y secretion was not detected in the pigs in the current
study, and therefore, the increased level of IL-10 observed at
the endpoint might more likely suggest a desperate struggle of
host against the inflammatory impact. In this point of view, IL-
10 seems to be an indicative hallmark of an irrecoverable status,
rather than one of the causes, of cytokine storm during acute
ASF. This is in agreement with the recent observations that an
elevation of IL-10 was likely to be related to a lethal outcome
(37, 46, 47).

The type I IFNs have been shown to be indispensable in
elimination of invading virus that otherwise will be pathogenic.
To survive the host's immune system, most viruses have evolved
multiple strategies to counteract the type I IFN response
(48). In the case of ASFV, MGF360-15R, MGF505-7R, pI329L,
pA238L, and pDP96R were reported to suppress the type I
IFN induction as well as NF-kB-dependent pro-inflammatory
cytokine secretion via various mechanisms (49-52). This could
be a substantial cause of the unchanged level of type I IFN as well
as other pro-inflammatory cytokines during the primary phase
of acute ASF. Due to the incapability of type I IFN induction
by virulent ASFV in macrophages (34, 37, 51), the dramatical
elevation of IFN-a during the clinical phase of infection could
be a result of secondary activation of plasmacytoid dendritic cells
(53). However, as shown in the studies based on SARS-CoV
(17, 54), the postponement of type I IFN secretion accompanied

accompanied by  severe

by robust virus replication could promote the accumulation of
activated monocyte-macrophages, resulting in raised cytokine
levels and impaired T cell responses.

The impairment of T cell response upon infection of virulent
ASFV was recently reported (47, 55). This is in line with our
study in which IFN-y was proved to be absent throughout
the ASFV SY18 infection. The influence of IFN-y response in
ASFV infection remains controversial. While the correlation of
IFN-y response with protection against ASFV were reported
in some studies (40, 56, 57), other data did not support this
relativity (58, 59). On the other hand, the absence of IFN-y might
also reflect an impaired activation of natural killer (NK) cell,
which was another major producer of this cytokine and played
a crucial role in counteracting virus infection (60, 61). This is in
accordance with the previous study in which the NK cell activity
negatively correlated with the ASFV virulence and animal clinical
manifestations (62). Collectively from these results and our data,
IFN-y may play an essential but insufficient role in combating
ASFV infection. Nevertheless, virulent ASFV could block IFN-y
responses of both NK cells and T cells.

Chemokines play crucial roles in leukocyte movement and
act in concert with other cytokines to manage tissue infiltration
and inflammation (63). Due to these fundamental functions,
chemokines are often found to contribute to occurrence of
cytokine storm (18, 20). Reports involving the in vivo roles
of chemokines upon ASFV infection are limited. Zhang et al.
(64) described a mild upregulation (1.4x) of RANTES in
macrophages upon infection of virulent ASFV at an early stage
(4h post infection), whereas the same group also reported that
at late stage, the mRNA levels of RANTES remained stable
following infections with either attenuated or virulent ASFV
(65). Moreover, the secretion of IL-8 by macrophage was even
decreased upon infection of virulent ASFV (65). Our study
showed that secretions of IL-8, RANTES, and IP-10 by domestic
pigs upon infection of virulent SY18 all increased during both
the clinical and final phases. This is in agreement with a previous
study in which a continuous increase of IL-8 in pigs upon
infection of virulent ASFV was described (41). This obvious
discrepancy of chemokine secretion between in vitro and in vivo
might indicate non-macrophage sources of these inflammatory
mediators in pigs infected by virulent ASFV.

Taken together, the prototypical isolate ASFV SY18 that
was primarily derived from specimens collected from the first
outbreak of ASF in China induced acute ASF in domestic pigs. A
representative disease course could be divided into three periods,
the primary phase, the clinical phase, and the terminal phase,
which were immune-silent, dysregulated, and uncontrolled,
respectively. Accompanied by the onset of severe clinical signs
and viremia, a cytokine storm occurred characterized by a
tendency of significantly increased and sustained secretion of
TNF-a, IFN-a, IL-1f, IL-6, IL-8, IL-12, IL-18, RANTES, and
IP-10. Moreover, secondary drastic increase of the levels of
TNF-a, IL-1f, IL-6, and IL-8, as well as elevated IL-10, could
be hallmarks of an irreversible immune status, foreboding a
lethal outcome. Although the molecular mechanisms of cytokine
storm are far from understood, it seems that the ASFV-caused
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cytokine storm arises from the combination of delayed innate
response in the primary phase, the suppressed anti-inflammatory
response, and the impaired T cell response in the clinical
phase. However, the underlying molecular mechanisms require
further investigations.

Although our study has limitations that the blood situation
may not directly indicate the exact reaction at the loci where
viruses replicate and that the restricted number of animals used
could affect the data precision, the conclusions drawn from the
two independent trials as well as another experiment in which
animals were inoculated via oral routes (data not shown) all
indicated a correlation between clinical signs and an excessive
pro-inflammatory response, which paved a way for further
understanding of the molecular basis of ASFV pathogenesis.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary materials, further inquiries can be
directed to the corresponding author/s.

REFERENCES

1. Dixon LK, Sun H, Roberts H. African swine fever. Antiviral Res. (2019)
165:34-41. doi: 10.1016/j.antiviral.2019.02.018

2. Montgomery RE. On a form of swine fever occurring in British
East Africa (Kenya Colony). J Comp Pathol Ther. (1921) 34:159-91.
doi: 10.1016/50368-1742(21)80031-4:

3. Rowlands RJ, Michaud V, Heath L, Hutchings G, Oura C, Vosloo W, et al.
African swine fever virus isolate Georgia 2007. Emerg Infect Dis. (2008)
14:1870-4. doi: 10.3201/eid1412.080591

4. Gaudreault NN, Madden DW, Wilson WC, Trujillo JD, Richt JA. African
swine fever virus: an emerging DNA arbovirus. Front Vet Sci. (2020) 7:215.
doi: 10.3389/fvets.2020.00215

5. Zhou XT, Li N, Luo YZ, Liu Y, Miao FM, Chen T, et al. Emergence of
African swine fever in China 2018. Transbound Emerg Dis. (2018) 65:1482-4.
doi: 10.1111/tbed.12989

6. Chenais E, Depner K, Guberti V, Dietze K, Viltrop A, Stahl K. Epidemiological
considerations on African swine fever in Europe 2014-2018. Porcine Health
Manag. (2019) 5:6. doi: 10.1186/s40813-018-0109-2

7. Blome S, Gabriel C, Beer M. Pathogenesis of African swine fever in
domestic pigs and European wild boar. Virus Res. (2013) 173:122-30.
doi: 10.1016/j.virusres.2012.10.026

8. Pikalo ], Zani L, Huhr J, Beer M, Blome S. Pathogenesis of African swine fever
in domestic pigs and European wild boar—lessons learned from recent animal
trials. Virus Res. (2019) 271:197614. doi: 10.1016/j.virusres.2019.04.001

9. Boinas FS, Hutchings GH, Dixon LK, Wilkinson PJ. Characterization of
pathogenic and non-pathogenic African swine fever virus isolates from
Ornithodoros erraticus inhabiting pig premises in Portugal. ] Gen Virol. (2004)
85:2177-87. doi: 10.1099/vir.0.80058-0

10. Gallardo C, Soler A, Rodze I, Nieto R, Cano-Gomez C, Fernandez-Pinero J,
et al. Attenuated and non-haemadsorbing (non-HAD) genotype II African
swine fever virus (ASFV) isolated in Europe Latvia 2017. Transbound Emerg
Dis. (2019) 66:1399-404. doi: 10.1111/tbed.13132

11. Zani L, Forth JH, Forth L, Nurmoja I, Leidenberger S, Henke J, et al.
Deletion at the 5’-end of Estonian ASFV strains associated with an attenuated
phenotype. Sci Rep. (2018) 8:6510. doi: 10.1038/s41598-018-24740-1

12. Gomez-Villamandos JC, Bautista M]J, Sanchez-Cordon PJ, Carrasco L.
Pathology of African swine fever: the role of monocyte-macrophage. Virus Res.
(2013) 173:140-9. doi: 10.1016/j.virusres.2013.01.017

13. Sanchez-Cordon PJ, Nunez A, Neimanis A, Wikstrom-Lassa E, Montoya
M, Crooke H, et al. African swine fever: disease dynamics in wild boar

ETHICS STATEMENT

The animal study was reviewed and approved by the Animal
Welfare and Ethics Committee of the Institute of Military
Veterinary Medicine.

AUTHOR CONTRIBUTIONS

SW, SZ, and RH conducted the whole project. SW, JZ, YZ,
LW, JY, YQ, XZ, and FM performed the animal experiment and
collected the primary data. SW, TC, YW, and FZ verified and
analyzed the data. SW and SZ drafted the manuscript. All authors
read and approved the final version of the manuscript.

FUNDING

SW, SZ, and RH were supported by the National Key
R&D Program of China (Grant Nos. 2018YFC0840404 and
2017YFDO0500104) and the National Natural Science Foundation
of China (Grant Nos. 31902255; U19A2039; and 31941015).

experimentally infected with ASFV isolates belonging to genotype I and II.
Viruses-Basel. (2019) 11:852. doi: 10.3390/v11090852

14. Tisoncik JR, Korth MJ, Simmons CP, Farrar J, Martin TR, Katze MG. Into
the eye of the cytokine storm. Microbiol Mol Biol Rev. (2012) 76:16-32.
doi: 10.1128/Mmbr.05015-11

15. Shimabukuro-Vornhagen A, Godel P, Subklewe M, Stemmler HJ, Schlosser
HA, Schlaak M, et al. Cytokine release syndrome. J Immunother Cancer.
(2018) 6:56. doi: 10.1186/s40425-018-0343-9

16. Teijaro JR. Cytokine storms in infectious diseases. Semin Immunopathol.
(2017) 39:501-3. doi: 10.1007/500281-017-0640-2

17. Channappanavar R, Perlman S. Pathogenic human coronavirus infections:
causes and consequences of cytokine storm and immunopathology. Semin
Immunopathol. (2017) 39:529-39. doi: 10.1007/s00281-017-0629-x

18. Guo XJ, Thomas PG. New fronts emerge in the influenza cytokine storm.
Semin Immunopathol. (2017) 39:541-50. doi: 10.1007/s00281-017-0636-y

19. Song P, Li W, Xie ], Hou Y, You C. Cytokine storm induced by SARS-CoV-2.
Clin Chim Acta. (2020) 509:280-7. doi: 10.1016/j.cca.2020.06.017

20. Basler CF. Molecular pathogenesis of viral hemorrhagic fever. Semin
Immunopathol. (2017) 39:551-61. doi: 10.1007/s00281-017-0637-x

21. Sanchez-Cordon PJ, Montoya M, Reis AL, Dixon LK. African swine fever: a
re-emerging viral disease threatening the global pig industry. Vet J. (2018)
233:41-8. doi: 10.1016/j.tvjl.2017.12.025

22. Carrascosa AL, Bustos M]J, de Leon P. Methods for growing and titrating
African swine fever virus: field and laboratory samples. Curr Protoc Cell Biol.
(2011) 26:Unit 26.14. doi: 10.1002/0471143030.cb2614s53

23. Payne AE Binduga-Gajewska I, Kauffman EB, Kramer LD. Quantitation of
flaviviruses by fluorescent focus assay. J Virol Methods. (2006) 134:183-9.
doi: 10.1016/j.jviromet.2006.01.003

24. Holzlohner P, Hanack K. Generation of murine monoclonal antibodies by
hybridoma technology. J Vis Exp. (2017) 119:54832. doi: 10.3791/54832

25. Fernandez-Pinero J, Gallardo C, Elizalde M, Robles A, Gomez C, Bishop
R, et al. Molecular diagnosis of African swine fever by a new real-time
PCR using universal probe library. Transbound Emerg Dis. (2013) 60:48-58.
doi: 10.1111/j.1865-1682.2012.01317.x

26. McNab E Mayer-Barber K, Sher A, Wack A, O’Garra A. Type I interferons
in infectious disease. Nat Rev Immunol. (2015) 15:87-103. doi: 10.1038/nr
13787

27. Keyel PA. How is inflammation initiated? Individual influences of IL-1 IL-18
and HMGBI. Cytokine. (2014) 69:136-45. doi: 10.1016/j.cyt0.2014.03.007

28. LeiJ, Yin XW, Shang H, Jiang Y]J. IP-10 is highly involved in HIV infection.
Cytokine. (2019) 115:97-103. doi: 10.1016/j.cyt0.2018.11.018

Frontiers in Veterinary Science | www.frontiersin.org

January 2021 | Volume 7 | Article 601641


https://doi.org/10.1016/j.antiviral.2019.02.018
https://doi.org/10.1016/S0368-1742(21)80031-4:
https://doi.org/10.3201/eid1412.080591
https://doi.org/10.3389/fvets.2020.00215
https://doi.org/10.1111/tbed.12989
https://doi.org/10.1186/s40813-018-0109-2
https://doi.org/10.1016/j.virusres.2012.10.026
https://doi.org/10.1016/j.virusres.2019.04.001
https://doi.org/10.1099/vir.0.80058-0
https://doi.org/10.1111/tbed.13132
https://doi.org/10.1038/s41598-018-24740-1
https://doi.org/10.1016/j.virusres.2013.01.017
https://doi.org/10.3390/v11090852
https://doi.org/10.1128/Mmbr.05015-11
https://doi.org/10.1186/s40425-018-0343-9
https://doi.org/10.1007/s00281-017-0640-2
https://doi.org/10.1007/s00281-017-0629-x
https://doi.org/10.1007/s00281-017-0636-y
https://doi.org/10.1016/j.cca.2020.06.017
https://doi.org/10.1007/s00281-017-0637-x
https://doi.org/10.1016/j.tvjl.2017.12.025
https://doi.org/10.1002/0471143030.cb2614s53
https://doi.org/10.1016/j.jviromet.2006.01.003
https://doi.org/10.3791/54832
https://doi.org/10.1111/j.1865-1682.2012.01317.x
https://doi.org/10.1038/nri3787
https://doi.org/10.1016/j.cyto.2014.03.007
https://doi.org/10.1016/j.cyto.2018.11.018
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Wang et al.

ASFV Induced Cytokine Storm

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Jiang Y], Yang M, Sun X]J, Chen X, Ma MC, Yin XW, et al. IL-
10(+) NK and TGF-beta(4+) NK cells play negative regulatory roles in
HIV infection. BMC Infect Dis. (2018) 18:80. doi: 10.1186/s12879-018-2
991-2

Ouyang W], Rutz S, Crellin NK, Valdez PA, Hymowitz SG. Regulation and
functions of the IL-10 family of cytokines in inflammation and disease. Annu
Rev Immunol. (2011) 29:71-109. doi: 10.1146/annurev-immunol-031210-1
01312

Kuhn R, Lohler J, Rennick D, Rajewsky K, Muller W.
Interleukin-10-deficient mice develop chronic enterocolitis.
Cell. (1993) 75:263-74. doi: 10.1016/0092-8674(93)80
068-p

Mege JL, Meghari S, Honstettre A, Capo C, Raoult D. The
two faces of interleukin 10 in human infectious diseases.
Lancet Infect Dis. (2006) 6:557-69. doi: 10.1016/S1473-3099(06)7
0577-1

Saraiva M, O’Garra A. The regulation of IL-10 production by immune cells.
Nat Rev Immunol. (2010) 10:170-81. doi: 10.1038/nri2711

Gil S, Sepulveda N, Albina E, Leitao A, Martins C. The low-virulent
African swine fever virus (ASFV/NH/P68) induces enhanced expression
and production of relevant regulatory cytokines (IFNalpha TNFalpha and
IL12p40) on porcine macrophages in comparison to the highly virulent
ASFV/L60. Arch Virol. (2008) 153:1845-54. doi: 10.1007/s00705-008-0196-5
Gil S, Spagnuolo-Weaver M, Canals A, Sepulveda N, Oliveira
J, Aleixo A, et al. Expression at mRNA level of cytokines and
A238L gene in blood-derived macrophages infected in
vitro with African (ASFV) isolates of different

porcine
swine fever virus

virulence. Arch Virol. (2003) 148:2077-97. doi: 10.1007/s00705-003-
0182-x
Franzoni G, Graham SP, Giudici SD, Bonelli P, Pilo G, Anfossi

AG, et al. Characterization of the interaction of African swine
fever virus with monocytes and derived macrophage subsets.
Vet Microbiol. (2017) 198:88-98.  doi: 10.1016/j.vetmic.2016.
12.010

Reis AL, Abrams CC, Goatley LC, Netherton C, Chapman DG,

Sanchez-Cordon P, 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) 34:4698-705. doi: 10.1016/j.vaccine.2016.
08.011

Gomez del Moral M, Ortuno E, Fernandez-Zapatero P, Alonso F
Alonso C, Ezquerra A, et al. African swine fever virus infection
induces tumor necrosis factor alpha production: implications in
pathogenesis. J Virol. (1999) 73:2173-80. doi: 10.1128/JV1.73.3.2173-218
0.1999

Karalyan Z, Zakaryan H, Sargsyan K, Voskanyan H, Arzumanyan H, Avagyan
H, et al. Interferon status and white blood cells during infection with African
swine fever virus in vivo. Vet Immunol Immunopathol. (2012) 145:551-5.
doi: 10.1016/j.vetimm.2011.12.013

Lacasta A, Monteagudo PL, Jimenez-Marin A, Accensi E Ballester M,
Argilaguet ], et al. Live attenuated African swine fever viruses as ideal
tools to dissect the mechanisms involved in viral pathogenesis and immune
protection. Vet Res. (2015) 46:135. doi: 10.1186/s13567-015-0275-z

Zakaryan H, Cholakyans V, Simonyan L, Misakyan A, Karalova E,
Chavushyan A, et al. A study of lymphoid organs and serum proinflammatory
cytokines in pigs infected with African swine fever virus genotype II. Arch
Virol. (2015) 160:1407-14. doi: 10.1007/s00705-015-2401-7

Hunter CA, Jones SA. IL-6 as a keystone cytokine in health
and disease. Nat Immunol. (2015) 16:448-57. doi: 10.1038/
ni.3153

Abraham E, Glauser MP, Butler T, Garbino J, Gelmont D, Laterre PF, et al.
p55 Tumor necrosis factor receptor fusion protein in the treatment of patients
with severe sepsis and septic shock. A randomized controlled multicenter trial.
Ro 45-2081 Study Group. JAMA. (1997) 277:1531-8.

Park WY, Goodman RB, Steinberg KP, Ruzinski JT, Radella F II, Park
DR, et al. Cytokine balance in the lungs of patients with acute respiratory
distress syndrome. Am ] Respir Crit Care Med. (2001) 164:1896-903.
doi: 10.1164/ajrccm.164.10.2104013

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Lauw FN, Pajkrt D, Hack CE, Kurimoto M, van Deventer SJ, van der Poll
T. Proinflammatory effects of IL-10 during human endotoxemia. J Immunol.
(2000) 165:2783-9. doi: 10.4049/jimmunol.165.5.2783

Sanchez-Cordon PJ, Jabbar T, Berrezaie M, Chapman D, Reis A, Sastre P,
et al. Evaluation of protection induced by immunisation of domestic pigs
with deletion mutant African swine fever virus BeninDeltaMGF by different
doses and routes. Vaccine. (2018) 36:707-15. doi: 10.1016/j.vaccine.2017.
12.030

Sanchez-Cordon PJ, Jabbar T, Chapman D, Dixon LK, Montoya M. Absence
of long-term protection in domestic pigs immunized with attenuated African
swine fever virus isolate OURT88/3 or BeninDeltaMGF correlates with
increased levels of regulatory T cells and interleukin-10. J Virol. (2020)
94:¢00350-3204. doi: 10.1128/JV1.00350-20

Garcia-Sastre A. Ten strategies of interferon evasion by viruses.
Cell Host Microbe. (2017) 22:176-84. doi: 10.1016/j.chom.2017.
07.012

Correia S, Ventura S, Parkhouse RM. Identification and utility of innate
immune system evasion mechanisms of ASFV. Virus Res. (2013) 173:87-100.
doi: 10.1016/j.virusres.2012.10.013

Dixon LK, Islam M, Nash R, Reis AL. African swine fever virus evasion
of host defences. Virus Res. (2019) 266:25-33. doi: 10.1016/j.virusres.2019.
04.002

Garcia-Belmonte R, Perez-Nunez D, Pittau M, Richt JA, Revilla Y. African
swine fever virus Armenia/07 virulent strain controls interferon beta
production through the cGAS-STING pathway. ] Virol. (2019) 93:€02298-18.
doi: 10.1128/JV1.02298-18

Wang XX, Wu J, Wu YT, Chen HJ, Zhang SE, Li JX, et al. Inhibition of cGAS-
STING-TBKI signaling pathway by DP96R of ASFV China 2018/1. Biochem
Bioph Res Commun. (2018) 506:437-43. doi: 10.1016/j.bbrc.2018.10.103
Golding JP, Goatley L, Goodbourn S, Dixon LK, Taylor G, Netherton CL.
Sensitivity of African swine fever virus to type I interferon is linked to
genes within multigene families 360 and 505. Virology. (2016) 493:154-61.
doi: 10.1016/j.virol.2016.03.019

Channappanavar R, Fehr AR, Vijay R, Mack M, Zhao ], Meyerholz DK,
et al. Dysregulated type I interferon and inflammatory monocyte-macrophage
responses cause lethal pneumonia in SARS-CoV-infected mice. Cell Host
Microbe. (2016) 19:181-93. doi: 10.1016/j.chom.2016.01.007

Huhr J, Schafer A, Schwaiger T, Zani L, Sehl ], Mettenleiter TC, et al. Impaired
T-cell responses in domestic pigs and wild boar upon infection with a highly
virulent African swine fever virus strain. Transbound Emerg Dis. (2020)
67:3016-3032. doi: 10.1111/tbed.13678

Jancovich JK, Chapman D, Hansen DT, Robida MD, Loskutov A, Craciunescu
E et al. Immunization of pigs by DNA prime and recombinant vaccinia
virus boost to identify and rank African swine fever virus immunogenic and
protective proteins. J Virol. (2018) 92:¢02219-17. doi: 10.1128/JV1.02219-17
Netherton CL, Goatley LC, Reis AL, Portugal R, Nash RH, Morgan SB, et al.
Identification and immunogenicity of African swine fever virus antigens.
Front Immunol. (2019) 10:1318. doi: 10.3389/fimmu.2019.01318
Monteagudo PL, Lacasta A, Lopez E, Bosch L, Collado J, Pina-Pedrero S,
et al. BA71 Delta CD2: a new recombinant live attenuated African swine
fever virus with cross-protective capabilities. J Virol. (2017) 91:e01058-17.
doi: 10.1128/JVI1.01058-17

O’Donnell V, Risatti GR, Holinka LG, Krug PW, Carlson J, Velazquez-
Salinas L, et al. Simultaneous deletion of the 9GL and UK genes from
the African swine fever virus Georgia 2007 isolate offers increased safety
and protection against homologous challenge. J Virol. (2017) 91:e01760-16.
doi: 10.1128/JV1.01760-16

Takamatsu HH, Denyer MS, Lacasta A, Stirling CMA, Argilaguet JM,
Netherton CL, et al. Cellular immunity in ASFV responses. Virus Res. (2013)
173:110-21. doi: 10.1016/j.virusres.2012.11.009

Zeromski J, Mozer-Lisewska I, Kaczmarek M, Kowala-Piaskowska A,
Sikora J. NK cells prevalence subsets and function in viral hepatitis
C. Arch Immunol Ther Exp. (2011) 59:449-55. doi: 10.1007/s00005-011-
0145-y

Leitao A, Cartaxeiro C, Coelho R, Cruz B, Parkhouse RME, Portugal FC,
etal. The non-haemadsorbing African swine fever virus isolate ASFV/NH/P68
provides a model for defining the protective anti-virus immune response. |
Gen Virol. (2001) 82:513-23. doi: 10.1099/0022-1317-82-3-513

Frontiers in Veterinary Science | www.frontiersin.org

January 2021 | Volume 7 | Article 601641


https://doi.org/10.1186/s12879-018-2991-2
https://doi.org/10.1146/annurev-immunol-031210-101312
https://doi.org/10.1016/0092-8674(93)80068-p
https://doi.org/10.1016/S1473-3099(06)70577-1
https://doi.org/10.1038/nri2711
https://doi.org/10.1007/s00705-008-0196-5
https://doi.org/10.1007/s00705-003-0182-x
https://doi.org/10.1016/j.vetmic.2016.12.010
https://doi.org/10.1016/j.vaccine.2016.08.011
https://doi.org/10.1128/JVI.73.3.2173-2180.1999
https://doi.org/10.1016/j.vetimm.2011.12.013
https://doi.org/10.1186/s13567-015-0275-z
https://doi.org/10.1007/s00705-015-2401-7
https://doi.org/10.1038/ni.3153
https://doi.org/10.1164/ajrccm.164.10.2104013
https://doi.org/10.4049/jimmunol.165.5.2783
https://doi.org/10.1016/j.vaccine.2017.12.030
https://doi.org/10.1128/JVI.00350-20
https://doi.org/10.1016/j.chom.2017.07.012
https://doi.org/10.1016/j.virusres.2012.10.013
https://doi.org/10.1016/j.virusres.2019.04.002
https://doi.org/10.1128/JVI.02298-18
https://doi.org/10.1016/j.bbrc.2018.10.103
https://doi.org/10.1016/j.virol.2016.03.019
https://doi.org/10.1016/j.chom.2016.01.007
https://doi.org/10.1111/tbed.13678
https://doi.org/10.1128/JVI.02219-17
https://doi.org/10.3389/fimmu.2019.01318
https://doi.org/10.1128/JVI.01058-17
https://doi.org/10.1128/JVI.01760-16
https://doi.org/10.1016/j.virusres.2012.11.009
https://doi.org/10.1007/s00005-011-0145-y
https://doi.org/10.1099/0022-1317-82-3-513
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Wang et al.

ASFV Induced Cytokine Storm

63. Luster AD. Chemokines - Chemotactic cytokines that mediate inflammation.
New Engl ] Med. (1998) 338:436-45. doi: 10.1056/Nejm1998021233
80706

64. Zhang FQ, Hopwood P, Abrams CC, Downing A, Murray E Talbot R, et al.
Macrophage transcriptional responses following in vitro infection with a
highly virulent African swine fever virus isolate. J Virol. (2006) 80:10514-21.
doi: 10.1128/Jvi.00485-06

65. Fishbourne E, Abrams CC, Takamatsu HH, Dixon LK. Modulation of
chemokine and chemokine receptor expression following infection of porcine
macrophages with African swine fever virus. Vet Microbiol. (2013) 162:937-
43. doi: 10.1016/j.vetmic.2012.11.027

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Wang, Zhang, Zhang, Yang, Wang, Qi, Han, Zhou, Miao, Chen,
Wang, Zhang, Zhang and Hu. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Veterinary Science | www.frontiersin.org

12

January 2021 | Volume 7 | Article 601641


https://doi.org/10.1056/Nejm199802123380706
https://doi.org/10.1128/Jvi.00485-06
https://doi.org/10.1016/j.vetmic.2012.11.027
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

	Cytokine Storm in Domestic Pigs Induced by Infection of Virulent African Swine Fever Virus
	Introduction
	Materials and Methods
	Cell Culture and Virus
	Animal Trials
	Enzyme-Linked Immunosorbent Assay
	Statistical Analysis

	Results
	Clinical Observation
	ASFV Infection Induced a High Level of Type I IFN Secretion
	Pro-inflammatory TNF and ILs Were Comprehensively Elevated Upon Virulent ASFV Infection
	Multiple Chemokines Were Involved in the Response Against ASFV Infection
	The Anti-inflammatory Cytokines Were Absent in Neutralizing the Prolonged Pro-inflammatory Response Upon Infection of ASFV

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


