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Abstract: African swine fever (ASF) is a hemorrhagic viral disease of domestic pigs and wild suids
(all Sus scrofa) caused by the ASF virus (ASFV). The disease is spreading worldwide without con-
trol, threatening pig production due to the absence of licensed vaccine or commercially available
treatments. A thorough understanding of the immunopathogenic mechanisms behind ASFV in-
fection is required to better fight the disease. Cytokines are small, non-structural proteins, which
play a crucial role in many aspects of the immune responses to viruses, including ASFV. Infection
with virulent ASFV isolates often results in exacerbated immune responses, with increased levels
of serum pro-inflammatory interleukins (IL-1α, IL-1β, IL-6), TNF and chemokines (CCL2, CCL5,
CXCL10). Increased levels of IL-1, IL-6 and TNF are often detected in several tissues during acute
ASFV infections and associated with lymphoid depletion, hemorrhages and oedemas. IL-1Ra is
frequently released during ASFV infection to block further IL-1 activity, with its implication in ASFV
immunopathology having been suggested. Increased levels of IFN-α and of the anti-inflammatory
IL-10 seem to be negatively correlated with animal survival, whereas some correlation between
virus-specific IFN-γ-producing cells and protection has been suggested in different studies where
different vaccine candidates were tested, although future works should elucidate whether IFN-γ
release by specific cell types is related to protection or disease development.

Keywords: African swine fever; cytokines; interleukins; interferons; chemokines

1. Introduction

African swine fever (ASF) is a viral hemorrhagic disease of domestic pigs and wild
suids (all Sus scrofa), caused by ASF virus (ASFV), a large, enveloped double-stranded
DNA virus belonging to the Asfarviridae family [1]. Since cases of ASF caused by isolates
originating from Southeast Africa and belonging to genotype II were described in Georgia
in 2007, the disease has spread without control affecting different countries of Eastern and
Western Europe, and also, since 2018, the world’s largest pig producer, China. The disease
has also reached Oceania, with cases described in Papua New Guinea in 2020, and most
recently the Americas, with outbreaks affecting the Dominican Republic and Haiti since
2021 [2]. Without doubt, ASF represents the biggest threat the swine industry has faced in
decades [3]. The available control measures have failed to eliminate ASF in most affected
countries. Currently, there are no safe and effective licensed vaccines or other treatment
options, thus ASF control relies solely on veterinary control measures, such as culling
of affected animals and establishment of restriction zones, as well as strong passive and
active surveillance [4]. There is an urgent need to create safe and efficient countermeasures
to avoid the economic losses associated with ASF outbreaks. In this sense, a thorough
understanding of the immunopathogenic mechanisms behind ASFV infection is essential
to develop new tools focused on preventing and controlling the disease.
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Cytokines are small, non-structural proteins, which affect almost all biological pro-
cesses and play a crucial role in many aspects of the immune response. They influence
non-specific responses to infection and specific responses to antigens, orchestrating both the
innate and adaptive immune response [5]. The term cytokines encompasses interleukins
(ILs), interferons (IFNs), chemokine family and tumor necrosis factor (TNF) family, as
well as various growth factors [5,6]. In pigs, 42 genes have been classified as IL, 21 as
CCL chemokines and 16 as CXCL chemokines. Additionally, 12 TNF superfamily proteins
have been identified in this species, along with 30 transforming growth factor (TGF)-β
superfamily members, whereas porcine type I IFNs comprise at least 39 functional genes [6].
Most of the time, cytokines act as protectors against both intrinsic and extrinsic noxious
stimuli, such as invading pathogens. Nevertheless, an exaggerated immune activation
accompanied by an excessive cytokine release, known as a “cytokine storm”, has been asso-
ciated with several diseases, including viral hemorrhagic diseases. Cytokine production
should subside as the infection is eliminated, otherwise these soluble factors would drive
the host into a state of chronically activated cells with dangerous consequences [5].

Over the last years, cytokines have become important diagnostic, prognostic and
therapeutic agents in human and animal diseases [5,6]. This review aims to summarize the
current knowledge on ASFV infection and cytokine response in vivo. In the first section
of the review, current knowledge about the concentrations and evolution of circulating
pro-inflammatory and anti-inflammatory ILs, IFNs, key chemokines and growth factors
will be approached. Next, the secretion and expression of key cytokines in different tissues
during infections with either attenuated or virulent isolates will be also addressed. We aim
at providing a clear portrait of how ASFV modulates these soluble factors, facilitating a
more comprehensive understanding of pathogen–host interactions, hopefully contributing
the current effort to design safe and efficient vaccines or treatments against this fatal
hemorrhagic viral disease.

2. Circulating Levels of Cytokines during ASFV Infection In Vivo

In the first section of this review, we summarize the available knowledge in the
literature on circulating levels of different cytokines during ASFV infection.

2.1. Interleukin (IL)-1 Superfamily

In pigs, eleven IL-1 superfamily members have been identified: IL-1α, IL-1β, IL-1β2,
IL-18, IL-1Ra, IL-33, IL-36α, IL-36β, IL-36γ, IL-36Ra, IL-1F10 (IL-38) [6]. In humans, the IL-1
superfamily also includes IL-37, which is present in several veterinary species including
cows, sheep, dogs and horses, although it is a pseudogene in pigs [6]. IL-1F10, IL-1Ra,
IL-36Ra are receptor antagonists, whereas IL-1α, IL-1β, IL-18, IL-33, IL-36α, IL-36β, IL-36γ
are receptor agonists [7]. IL-1 superfamily members are secreted by innate immune cells
upon infection or tissue damage, regulating many aspects of both innate and adaptive
immune responses [8].

Changes in the levels of four of these cytokines during ASFV infection (IL-1α, IL-1β,
IL-18, IL-1Ra) were monitored in previous studies. The main results of these studies will be
described below (see summary in Table 1).

2.1.1. IL-1α and IL-1β

IL-1α and IL-1β are pro-inflammatory cytokines with similar biological properties,
produced and released at the early stages of the immune response to infections. These
cytokines are also pathogenic mediators of autoinflammatory, autoimmune, infectious and
degenerative diseases [7].

IL-1α enhances the production of several chemokines, promoting infiltration of neu-
trophils and monocytes in the inflamed tissue [9]. This cytokine is constitutively expressed
in several cell types and is released into the extracellular space in case of cell death. It
can also be synthesized de novo and can be actively secreted or passively released from
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apoptotic cells [10]. Several studies have suggested that IL-1α production is under the
control of the related cytokine, IL-1β [9].

IL-1β is a potent pro-inflammatory cytokine, which is produced and released at the
early stages of infections, stressful situations or lesions. Monocytes and macrophages
are the main source of this cytokine, but it is also released by natural killer (NK) cells,
B cells, dendritic cells (DCs), fibroblasts and epithelial cells [10]. IL-1β is a powerful
endogenous pyrogen. During inflammation, IL-1β triggers the production of acute phase
proteins (APP) in the liver and acts on the central nervous system to induce fever and
prostaglandin secretion [9,10]. It is also a chemoattractant for neutrophils and enhances
the expansion and differentiation of different CD4+ T cell subsets (Th1, Th2 and Th17) [11].
IL-1β promotes angiogenesis, increasing the expression of cell adhesion molecules on
leukocytes and endothelial cells, and also activates infiltrated cells to produce endothelial
cell activating factors such as VEGF. IL-1β is synthesized as a leaderless precursor, or from
an inactive IL-1β precursor that must be cleaved by inflammasome-activated caspase-1.
After activation, autophagy plays a major role in the release of this cytokine [10].

Infections with virulent ASFV isolates often results in increased levels of serum pro-
inflammatory cytokines such as IL-1α and IL-1β [12]. Increased levels of IL-1β were
first described in domestic pigs infected with a high dose of the virulent genotype I
E70 [13,14]. Subsequent studies have also reported an increase in circulating levels of these
two pyrogenic cytokines in domestic pigs infected with virulent isolates belonging to either
genotype I (Benin97/1) [15] or genotype II (Armenia07) [16], Armenia08 [17], SY18 [12]
or HLJ/18 [18]. No changes in IL-1β circulating levels were instead observed in pigs
immunized with moderately virulent isolates, such as Netherland’86 [19], or attenuated
isolates, such as Benin∆MGF, OURT88/3, Pret4∆9GL, ASFV-G-∆9GL∆UK and HLJ/18-
7GD [15,18,20–22]. Surprisingly, immunizations with the attenuated mutant ASFV-∆7R,
lacking MGF505-7R, but not immunizations with its wild type strain (HJL/18), resulted in
increased serum concentrations of IL-1β [23]. Differences with the other attenuated ASFV
deletion mutants might be linked to peculiar function of the MGF gene.

Instead, only a few studies have analyzed the modulation of the related cytokine IL-1α.
Circulating levels of this cytokine seem to mirror those of IL-1β. In detail, researchers
observed that circulating levels of this cytokine rose in pigs infected with the highly
virulent isolates, Armenia08 [17] and HLJ/18 [18], but not when pigs were infected with the
attenuated deletion mutants, Pret4∆9GL, ASFV-G-∆9GL∆UK or HLJ/18-7GD [18,21,22].
Surprisingly, there were no increases in the levels of either IL-1α or IL-1β after infection with
the virulent isolate SY18 or its attenuated derived mutant, SY18∆L7-11. However, in a study,
animals infected with SY18 presented a sustained increase of IL-1Ra circulating levels [24].

Future studies should also explore whether the mass release of IL-1Ra might be re-
sponsible for the lower release of the related pro-inflammatory cytokines IL-1α and IL-1β.
A recent study has reported interesting differences in serum values of both cytokines in
pigs with different immunological and hygienic status. In this sense, farm pigs released
higher levels of several pro-inflammatory cytokines, including IL-1α and IL-1β, com-
pared to specific-pathogen-free (SPF) pigs in response to the moderately virulent isolate
Estonia2014 (genotype II). Such an increase was accompanied by lower serum values of
anti-inflammatory IL-1Ra (described later in Section 2.1.3) and increased mortality [17].

In most of the studies mentioned above, researchers observed that values of IL-1α and
IL-1β started to rise at early stages after infection with virulent ASFV isolates, and that
serum concentrations often peaked at the end of the observation period [12–14,16,17]. The
release of these cytokines in vivo should enhance immune surveillance, promoting viral
clearance and the development of the acquired immune response [10]. However, steady
high serum levels of these proinflammatory cytokines for long periods of time after virus
infection were also suggested as indicative of exaggerated, aberrant and failed immune
activation with fatal consequences for the outcome of the disease, and with a principal role
in the pathogenic mechanisms of ASF lesions [25,26].
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2.1.2. IL-18

IL-18 is another member of the IL-1 superfamily. It is mainly produced by macrophages,
in particular classically activated macrophages, as well as DCs and epithelial cells, such
as keratinocytes [8]. Pro-IL-18 is constitutively expressed, although it must be processed
by caspase 1 in order to be activated. This cytokine binds to the receptor IL-18R, which
leads to the recruitment of IL-18RAP, which initiates intracellular signaling cascade [8].
IL-18 is potent inducer of IFN-γ production. It synergizes with IL-12 to activate cytotoxic T
cells and NK cells [10] and plays a crucial role in the T helper cell type 1 (Th1) response
during immune recognition [27,28]. In addition, IL-18 can enhance other T-cell responses,
such as Th17, in synergy with IL-23, or Th2 responses in the absence of IL-12, IL-15 or
IL-23 [29]. Finally, it has been reported that this cytokine is not pyrogenic, and that it can
also attenuate the febrile response induced by the pyrogenic IL-1β [28].

Despite the crucial role of this cytokine in the development of the protective cell-
mediated immune response, only some studies have investigated its modulation during
ASFV infections. In two different studies carried out in domestic pigs infected with the
genotype II highly virulent isolates SY18 [12,24] and Armenia08 [17], results revealed
a trend of sustained increase of IL-18 serum values, which was concomitant with the
increase of other pro-inflammatory cytokines, although such an increase was not detected
in all evaluated animals [24]. Immunizations with the attenuated isolate SY18∆L7-11 or
the moderately virulent isolate Estonia2014 triggered IL-18 release in a similar manner,
although with substantial differences between analyzed pigs [17,24].

2.1.3. IL-1Ra

The IL-1 system must be tightly controlled to prevent potentially pathological over-
response to stressors. It is indeed regulated at several levels, including receptor antago-
nists [7]. IL-1Ra binds the receptor IL-1R1 with affinity higher than that of IL-1α or IL-1β,
but it does not trigger the association of IL-1 receptor accessory protein, thus there is no
activation of the IL-1 signaling [7]. Overall, IL-1Ra is released to block further IL-1 activity,
preventing the development of inflammation and of an exacerbated immune response [10].

To date, only a few studies have evaluated ASFV’s impact on circulating levels of this
cytokine. In one of these studies, results showed that infection of domestic pigs with the
genotype II virulent isolate SY18 (103 TCID50/animal inoculated by intramuscular-IM route)
resulted in increased levels of this cytokine, reaching the highest values on the day before
death. In the same study, the levels of this anti-inflammatory cytokine were also monitored
in pigs infected with the attenuated isolate SY18∆L7-11 (103 or 106 TCID50/animal; IM
route). Results revealed that levels of IL-1Ra increased soon after infection, but returned to
baseline levels at the time of challenge at day 28 post-infection (pi) [24]. Recent studies have
reported that serum values of this cytokine increased soon after infection with both highly
the virulent isolate Armenia08 and moderately virulent isolate Estonia2014 (infected with
3–6 × 102 TCID50/animal by IM route) [17]. In such study, interesting differences were also
observed between pigs with different immunological and hygienic status in response to
Estonia2014 immunization.

SPF pigs released higher levels of IL-1Ra at earlier stages post-infection (day 4 pi) than
farm pigs. Such an increase in IL-1Ra levels was concomitant with lower serum values of
pro-inflammatory cytokines and reduced mortality [17]. In another recent study, increased
serum levels of this cytokine were described in pigs infected with the virulent isolate
HLJ/18, but not in pigs infected with its derived attenuated mutant HLJ/18-7GD [18]. These
studies suggested that IL-1Ra would play an important role in ASFV immunopathology,
thus future studies should include this receptor antagonist in the panel of circulating
cytokines that should be monitored during ASFV experimental studies.
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Table 1. Modulation of serum levels of IL-1α, IL-1β, IL-18, IL-1Ra in domestic pigs infected with
ASFV isolates of diverse virulence.

IL-1 Superfamily
Member ASFV Isolate * Isolate Virulence Dose/Route of

Inoculation

Day
Post-Inoculation
(dpi) Analyzed

Impact on
Cytokine’s

Serum Values
Reference

IL-1α Pret4∆9GL * Attenuated 104 TCID50, IM 7, 10, 14 None [21]
ASFV-G-∆9GL∆UK * Attenuated 104 TCID50, IM 7, 14 None [22]

SY18 Highly virulent 103 TCID50, IM 0, 3, 7, 10, 14, 21 None [24]

SY18∆L7-11 * Attenuated 103 or 106 TCID50,
IM

0, 3, 7, 10, 14, 21, 28 None [24]

Armenia08 Highly virulent 0.6–1.2 × 102

TCID50, IM
1, 2, 3, 4, 5, 6, 7 Raise [17]

Estonia2014 Moderately
virulent

0.6–1.2 × 102

TCID50, IM
2, 4, 5, 7, 9, 11, 14 Raise mainly in

farm pigs [17]

HLJ/18 Highly virulent 106 TCID50, IM 7 Raise [18]
HLJ/18-7GD * Attenuated 106 TCID50, IM 0, 4, 7, 14, 20, 28 None [18]

IL-1β España-70 Highly virulent 105 TCID50, IM 2, 4, 6 Raise [13]
España-70 Highly virulent 105 TCID50, IM 2, 4, 6 Raise [14]
Armenia07 Highly virulent 104 HAD50 0, 1, 2, 3, 4, 5, 6, 7 Raise [16]

Pret4∆9GL * Attenuated 104 TCID50, IM 7, 10, 14 None [21]
ASFV-G-∆9GL∆U * Attenuated 104 TCID50, IM 7, 14 None [22]

Netherland’86 Moderately
virulent

2 × 103.5 or 2 ×
105.5 TCID50, IN

0, 7, 10, 17, 27 None [19]

Benin∆MFG * Attenuated

103 TCID50, IM
(boost at 21 dpi

with same
dose/route)

0, 2, 4, 7, 10, 15, 21,
24, 28, 39

Raise only in one
pig [15]

Benin∆MFG * Attenuated

103 TCID50, IN
(boost at 21 dpi

with same
dose/route)

0, 2, 4, 7, 10, 15, 21,
24, 28, 39 None [15]

Benin97/1 Highly virulent 104 TCID50, IM 0, 3, 5 Mild raise [15]
SY18 Highly virulent 103 TCID50, IM 0, 1, 2, 3, 4, 5, 6, 7, 8 Raise [12]
SY18 Highly virulent 103 TCID50, IM 0, 3, 7, 10, 14, 21 None [24]

SY18∆L7-11 * Attenuated 103 or 106 TCID50,
IM

0, 3, 7, 10, 14, 21, 28 None [24]

HLJ/18 Highly virulent 103 HAD50, IM 1, 5, 8 None [23]

ASFV-∆7R * Attenuated 103 or 105 TCID50,
IM

1, 5, 8 Raise [23]

Armenia08 Highly virulent 0.6–1.2 × 102

TCID50, IM
1, 2, 3, 4, 5, 6, 7 Raise [17]

Estonia2014 Moderately
virulent

0.6–1.2 × 102

TCID50, IM
2, 4, 5, 7, 9, 11, 14 Raise mainly in

farm pigs [17]

HLJ/18 Highly virulent 106 TCID50, IM 7 Raise [18]
HLJ/18-7GD * Attenuated 106 TCID50, IM 4, 7, 14, 20, 28 None [18]

IL-18 Netherland’86 Moderately
virulent

2 × 103.5 or 2 ×
105.5 TCID50, IN

0, 7, 10, 17, 27 None [19]

SY18 Highly virulent 103 TCID50, IM 0, 1, 2, 3, 4, 5, 6, 7, 8 Raise [12]
SY18 Highly virulent 103 TCID50, IM 0, 3, 7, 10, 14, 21 None [24]

SY18∆L7-11 * Attenuated 103 or 106 TCID50,
IM

0, 3, 7, 10, 14, 21, 28 None [24]

Armenia08 Highly virulent 0.6–1.2 × 102

TCID50, IM
1, 2, 3, 4, 5, 6, 7 Raise [17]

Estonia2014 Moderately
virulent

0.6–1.2 × 102

TCID50, IM
2, 4, 5, 7, 9, 11, 14 Raise mainly in

farm pigs [17]

IL-1Ra SY18 Highly virulent 103 TCID50, IM 0, 3, 7, 10, 14, 21 Raise [24]

SY18∆L7-11 * Attenuated 103 or 106 TCID50,
IM

0, 3, 7, 10, 14, 21, 28 Mild raise [24]

Armenia08 Highly virulent 0.6–1.2 × 102

TCID50, IM
1, 2, 3, 4, 5, 6, 7 Raise [17]

Estonia2014 Moderately
virulent

0.6–1.2 × 102

TCID50, IM
2, 4, 5, 7, 9, 11, 14 Raise mainly in

SPF pigs [17]

HLJ/18 Highly virulent 106 TCID50, IM 7 Raise [18]
HLJ/18-7GD * Attenuated 106 TCID50, IM 4, 7, 14, 20, 28 None [18]

* Deletion mutant; IM: intramuscular inoculation; IN: intranasal inoculation; TCID: tissue culture infectious dose;
HAD: hemadsorption dose; SPF: specific pathogen free.



Viruses 2023, 15, 233 6 of 34

2.2. Interleukin (IL)-6

IL-6 is a member of the IL-6 superfamily, which in pigs also includes cardiotrophin
(CTF)1, CTF2, colony stimulator factor (CSF)3, IL-11, IL-23A and IL-31 [6]. It is a pleiotropic
cytokine that exerts both pro-inflammatory and anti-inflammatory properties [10]. IL-6
plays a crucial role in several processes, spanning from immunity to regulation of metabolic,
regenerative and neuronal processes. IL-6 is also an endogenous pyrogen, which promotes
fever and the production of APP in the liver [10,30]. Proinflammatory properties, including
recruitment of monocytes to the inflammation site and maintenance of Th17 cells, are
elicited when IL-6 signals through the trans pathway via soluble IL-6 receptors (sIL-6R)
binding to transmembrane transducer protein gp130. On the contrary, regenerative or anti-
inflammatory properties, such as inhibition of liver inflammation and insulin resistance,
are elicited when IL-6 signals through the classical pathway, which occurs via the IL-6
receptor (IL-6R) [10,30].

So far, only a few research works have studied ASFV’s impact on IL-6 circulating levels.
Some studies described increased levels of IL-6 after infection with virulent genotype II
ASFV isolates, alongside other pro-inflammatory cytokines, with peaks at the end of the
observation period at day 7 pi [12,16–18]. Other studies described no modulation of serum
levels of this cytokine in pigs inoculated with moderately virulent isolates (Netherland’86)
or attenuated strains (SY18∆L7-11, HLJ/18-7GD) [18,19,24]. These studies suggested that
increased serum levels of IL-6 were a hallmark of a sustained inflammatory response
occurring in acute ASFV infections induced by highly virulent isolates, which was absent
in animals immunized with attenuated strains. Surprisingly, in one study in which pigs
were infected with the highly virulent isolate SY18 (genotype II), an increase of circulating
levels of IL-6 was not observed [24].

2.3. Tumor Necrosis Factor (TNF)

Tumor necrosis factor (TNF; formerly known as TNF-α) is one of the twelve members
of the TNF superfamily (TNFSF), which also includes TNFSF9, TNFSF10, TNFSF11, TN-
FSF12, TNFSF13, TNFSF13B, TNFSF14, TNFSF15, lymphotoxin alpha (LTA), lymphotoxin
beta (LTB) and ectodysplasin A (EDA) [6].

TNF is a pro-inflammatory cytokine mainly produced by macrophages [31]. This
cytokine is a potent pyrogenic, usually released early in response to infection, able to
induce fever, cachexia and inflammation. TNF triggers the synthesis of APP in the liver,
such as C reactive protein, and it is one of the cytokines mainly involved in septic shock [10].
TNF induces vasodilation and enhances the expression of cell adhesion molecules, which
facilitates diapedesis and promotes the release of chemokines that recruit neutrophils into
the inflammatory site [32,33].

TNF has been one of the most studied cytokines in the course of ASFV in vivo infec-
tions. The first study to assess serum concentrations during ASFV infection dates back
to 1999. In this study, TNF serum levels rapidly increased in domestic pigs infected with
high doses (105 TCID50) of the genotype I virulent isolate E75 [34]. Similar results were
described soon after in pigs infected with high doses of the genotype I virulent isolate
E70 [13]. Increased levels of this cytokine were also observed after infection with virulent
ASFV isolates belonging to genotype II, including Armenia07 [16] and SY18 [12]. A small,
but statistically significant, rise was observed in pigs infected with the genotype I moder-
ately virulent isolate Netherland’86 [19]. Increased levels of TNF are likely indicative of an
overwhelming host inflammatory response, which may contribute to the development of
severe lymphopenia and immunosuppression during acute ASF [13,34]. This point will be
discussed later on (Section 3).

In contrast, other studies did not report noteworthy changes in TNF serum levels after
infections with virulent ASFV isolates belonging to either genotype I (OURT88/1) [35]
or genotype II (SY18, HLJ/18) [18,24]. Conflicting results were also obtained from pigs
immunized with deletion mutants or naturally attenuated isolates belonging to either
genotype I (Benin∆MGF, OURT88/3) [20,35] or genotype II (SY18∆L7-11) [24], in which
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changes in TNF serum levels were not remarkable either. These results contrasted with
those obtained after the immunization of pigs with the deletion mutant HLJ/18-7GD
(genotype II), in which a significant rise in TNF was reported [18]. The factors underlying
the observed differences are unknown.

2.4. Pro-Th1 Cytokines IL-2 and IL-12

Cellular immunity plays a major role in protection against ASFV, and in particular,
Th1 response (mainly led by NK and CD8+ cytotoxic T cells) seems crucial [36].

2.4.1. IL-2

IL-2 is a pleiotropic cytokine that promotes, in synergy with IFN-γ, the Th1 response.
It was discovered in 1976 as a T cell growth factor [5,37], and it is released mainly by
activated CD4+ T cells and activated CD8+ T cells [38]. IL-2 plays a crucial role in priming
and maintaining both Th1 and Th2 differentiation, as well as in expanding cytotoxic T
cells. It can also enhance NK cytotoxic activity, as well as promote the differentiation of
regulatory T cells (Tregs) [5,38].

Few studies have analyzed serum values of this cytokine during ASFV infection. Most
of these studies reported that IL-2 circulating levels were not modulated after immunization
with either virulent or attenuated ASFV strains [21,22,24]. In a recent study, increased serum
levels of this cytokine in pigs infected with the virulent isolate HLJ/18, but not with its
derived attenuated mutant, HLJ/18-7GD, were described [18]. Also recently, a study
reported small, but statistically significant, increased levels of this cytokine during ASFV
infection, although not in all infected pigs. Specifically, results revealed an increase of
IL-2 serum levels at day 7 pi in farm pigs infected with the moderately virulent isolate
Estonia2014, but not in SPF pigs [17].

2.4.2. IL-12

IL-12 is a pro-inflammatory cytokine and a member of the IL-12 family, which also
includes IL-23, IL-27 and IL-25. It is a heterodimeric cytokine, like the other members of the
IL-12 family, composed of two subunits, p35 and p40, the latter shared with IL-23 [10,39].
IL-12 is produced mainly by antigen presenting cells (APCs), especially monocytes and
macrophages, in response to microbial pathogens [10,39]. This cytokine plays a pivotal
role in host defenses against intracellular pathogens due to its ability to stimulate both
innate and adaptive immune cells [40]. IL-12 is a key inducer of cell-mediated immunity
via stimulation of Th1 cells. It synergizes with IL-18, TNF and other proinflammatory
cytokines in stimulating IFN-γ production by NK cells and cytotoxic T cells [10]. After its
release, a positive feedback loop with T cells is created. IL-12 induces IFN-γ production
by T cells, which in return trigger further production of IL-12 by APCs, enhancing Th1
differentiation [39]. IL-12 production must be tightly controlled at several levels to avoid
the development of an exacerbated pathological immune responses [40].

To date, relatively few studies have investigated ASFV’s impact on serum levels of
IL-12. Immunization of domestic pigs with attenuated deletion mutants, such as ASFV-G-
∆9GL/∆UK or Pret4∆9GL, did not result in significant modulation of circulating levels
of this pro-Th1 cytokine [21,22]. No variation in serum values of IL-12 was observed in
pigs infected with the moderately virulent isolate Netherland’86 [19] or the attenuated
deletion mutant HLJ/18-7GD [18]. No raise in serum values of IL-12 was detected in pigs
infected with the virulent HLJ/18. In fact, at 7 days pi (dpi), animals presented values even
lower than those pre-immunization [18]. On the contrary, it was reported that IL-12 serum
levels started to rise soon after infection with the highly virulent isolate SY18 (at 3 or 5 dpi)
and remained relatively high until the end of the experimental study (7–8 dpi) [12]. No
significant modulation was instead observed after IM immunization with the attenuated
deletion mutant SY18∆L7-11 [12]. Overall, these data suggest that increased serum levels
of IL-12 do not reflect development of a protective cellular-mediated immunity, but they
might rather be a sign of a lethally derailed immune response.
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2.5. Pro-Th2 Cytokines: IL-4 and IL-13

Broadly speaking, IL-4 and IL-13 promote a Th2 response, mainly characterized by
antibodies production [5]. In pigs, as well as in humans, theses cytokines are the solely
members of the IL-4 superfamily [6]. IL-4 was first identified as a co-mitogen of B-cells [41].
Later, its crucial role in Th2 cell-mediated immunity, IgE class switching in B cells, tissue re-
pair and homeostasis through alternative macrophage activation (M2) was discovered [42].
It was also demonstrated that IL-4 has anti-inflammatory functions [5]. This cytokine is
secreted mainly by Th2 cells, mast cells, eosinophils and basophils [42]. IL-13 shares many
biological activities with IL-4. IL-13 is able to promote B-cell proliferation and immunoglob-
ulin class switching, as well as to induce anti-inflammatory status in monocytes [43,44].

The role of antibodies in protection against ASFV is controversial. Some studies
reported a protective role of the humoral response against this hemorrhagic virus, shown
by the survival of animals against challenge with virulent ASFV isolates after the transfer
of plasma or colostrum from convalescent sows [36].

So far, no studies have investigated ASFV’s impact on serum levels of IL-13, whereas
only a few studies have paid attention to changes in IL-4 serum values. Some of these
studies reported that immunization with either virulent or attenuated ASFV strains did
not modulate serum levels of this cytokine [20,24,35]. However, recent studies reported
small, but statistically significant, increased levels of this cytokine during ASFV infection.
Increased IL-4 serum levels were described in pigs infected with the virulent isolate HLJ/18,
but not with its derived attenuated mutant HLJ/18-7GD [18]. In another recent publication,
serum levels of IL-4 (as well as other pro-inflammatory cytokines) rose at day 7 pi in farm
pigs infected with the moderately virulent isolate Estonia2014, which exhibited severe
clinical signs of ASF [17]. Results of that study suggested that the increased IL-4 serum
levels in farm pigs were probably indicative of a derailed immune response observed
after infection [17].

2.6. Pro-Th17 Cytokines: IL-17 and IL-23

Th17 response during ASFV infection and the possible differences among strains of
different virulence are still unclear. In this part of the review, we will report available
knowledge in the literature on two pro-Th17 cytokines during ASFV infection: IL-17
and IL-23.

2.6.1. IL-17

To date, six IL-17 superfamily members have been identified: IL-17A, IL-17B, IL-17C,
IL-17D, IL-17E and IL-17F. Among them, IL-17A has been the most studied member [6].
IL-17A, often referred to as IL-17, is a pro-inflammatory cytokine mainly released by the
Th subset, Th17 [45]. Not only Th17, but also γδ T-cells have been pointed to as the
main sources of this cytokine. Other cells (NK cells, innate lymphoid cells, CD8+ cells,
neutrophils, microglia and mast cells) are also able to produce IL-17 [46]. IL-17 plays a
crucial role in several infectious diseases, autoimmune disorders and cancer. In pigs, as
in humans and other veterinary species, this cytokine is involved in many inflammatory
diseases [45]. IL-17 interacts with several mediators [e.g., GM-CSF, IFN-γ, IL-22, IL-1β,
TNF] to exert its proinflammatory effect [46] and promotes neutrophil recruitment and
activation [47]. This cytokine also plays a pivotal role in gut immunity [45].

To date, only some discording studies have investigated the role of this inflammatory
cytokine during ASFV infection. In one study, the first in evaluating the evolution of IL-17
levels during ASFV infections, domestic pigs were inoculated by the IM route with 104

TCID50/mL of the highly virulent isolate Armenia07. Serum samples were collected daily
from day 0 to 7 pi. Increased serum levels of IL-17 were observed from day 1 to 3 pi.
Then, serum levels returned to control values at the end of the experiment (7 dpi) [48]. In
subsequent studies, IL-17 serum levels were monitored in domestic pigs infected by the
intranasal (IN) route with a low dose (103.5 TCID50/mL) or a high dose (105.5 TCID50/mL)
of the moderately virulent isolate Netherlands’86. Results showed that in all tested animals,
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serum levels of IL-17 remained stable during the whole experimental study (from day 0
to 27 pi) [19]. The differences observed between the two studies are likely related to the
virulence of the isolates and the route of infection used: infections with highly virulent
ASFV isolates in domestic pigs often result in a systemic pro-inflammatory state [49], with
IL-17 being considered as a key pro-inflammatory cytokine, which has also been suggested
as a sepsis biomarker in humans [46].

2.6.2. IL-23

IL-23 is a pro-inflammatory cytokine member of the IL-12 family. It is produced
mainly by activated DCs and macrophages in response to microbial pathogens [39]. IL-23
is composed of two subunits, p19 and p40, the latter shared with IL-12. Despite belonging
to the same family, IL-23 and IL-12 present different biological properties. Thus, IL-12
promotes the development of Th1 cells, as described above (Section 2.4.2), whereas IL-23
is involved in development of Th17 cells in a pro-inflammatory context [39,50]. IL-23
promotes the differentiation of naive CD4+ T cells into Th17, especially in the presence
of TGF-β and IL-6 and plays a pivotal role in maintenance of these T cell subsets and
IL-17 production [47,50].

To date, only one study has evaluated ASFV’s impact on circulating levels of IL-23
during an experimental infection with the virulent isolate Armenia07 alongside IL-17, as
described above (Section 2.6.1). In this study, serum levels of IL-23 started to rise early
after infection (day 1 pi), peaking at the end of the experimental observation (day 7 pi) [48].
In parallel, authors observed neutrophil recruitments in the lung of infected pigs. These
findings suggested that IL-23 promoted Th17 development and activation during ASFV
infection [48]. A dysregulation of the Th17 response might contribute to the development of
a systemic pro-inflammatory state during acute ASF. Th17 response activation during ASFV
infection and the possible differences among strains of diverse virulence remain unclear.

2.7. Anti-Inflammatory Cytokines: IL-10 and TGF-β
2.7.1. IL-10

IL-10 is a member of the IL-10 superfamily alongside IL-19, IL-20, IL-22, IL-24 and IL-
26 [6]. This cytokine possesses a potent and broad anti-inflammatory activity, dampening
the inflammatory response and preventing inflammatory and autoimmune pathologies [51].
IL-10 was identified in 1989, with macrophages, DCs, B cells, NK and different T cells
subsets being among their main producers [51,52]. IL-10 promotes the differentiation of
IL-10-secreting Treg cells and polarizes macrophages towards an anti-inflammatory pheno-
type [10]. In pigs, as in humans, it dampens macrophage production of pro-inflammatory
cytokines and expression of MHC class II, thus inhibiting antigen presentation [10,53].
IL-10 exerts its anti-inflammatory activity through the binding to the IL-10 receptor (IL-10R)
and activation of signal transducer and activator of transcription 3 (STAT3) [52].

Different and contradictory studies have monitored circulating levels of this cytokine
during ASFV infections. An increase of IL-10 serum levels was positively correlated with
the survival of pigs to infection with the moderately virulent isolate Netherland’86 [19].
However, in other studies, no remarkable changes in IL-10 levels (with the exception of
occasional increases in some animals) were reported after immunizations with different
attenuated ASFV strains belonging to genotype I (Benin∆MGF, OURT88/3, Benin∆DP148R,
OURT88/3D329L) [15,20,35,54,55] and genotype II (HLJ/18-7GD) [18]. Protected pigs
immunized with the attenuated strains Benin∆DP148R or OURT88/3D329L did not display
either changes in serum IL-10 concentrations after challenge with the genotype I virulent
isolates Benin97/1 or OURT88/1 [54,55]. The same results were observed in protected pigs
immunized with OURT88/3 or Benin∆MGF, which did not display any change in serum
IL-10 levels after challenge with the virulent isolates OURT88/1 or Benin97/1, respectively.
In these experiments, only not protected immunized pigs or non-immunized pigs used
as controls that developed acute ASF displayed a significant increase in IL-10 levels after
challenge [15,35,55]. In other experimental infections carried out in domestic pigs with



Viruses 2023, 15, 233 10 of 34

highly virulent isolates belonging to genotype II (SY18, HLJ/18), increased IL-10 serum
levels were also observed [12,18].

In wild boar (11 animals in total) immunized orally with the genotype II attenuated
isolate Lv17/WB/Rie1 that survived after exposition to four animals that had been in-
tramuscularly inoculated with the genotype II virulent isolate Armenia07, IL-10 levels
remained relatively constant after immunization and after exposure to infected animals. In
the same experiment, the control group constituted non-immunized wild boar (11 in total)
exposed to two animals that had been intramuscularly inoculated with the genotype II
virulent isolate Armenia07. Them all died or were euthanized between day 13 and 15 post
exposure to infected animals. The IL-10 levels in control animals were significantly lower
before exposure to infected wild boar than after exposure [56].

Therefore, results suggested a negative correlation between secretion of IL-10 and
survival, so that animals that succumbed to infection displayed an increase of IL-10 serum
values [12,15,55,56]. In concordance with these results, it has recently been described that
early after infection with the moderately virulent isolate Estonia2014, IL-10 serum levels
were significantly high in domestic pigs, which displayed more severe clinical signs and
higher levels of several pro-inflammatory cytokines than SPF pigs [17]. These findings
suggested that the high IL-10 circulating values did not reflect a physiologically coordinated
immune response, but were likely a sign of a fatally uncontrolled immune response, as
recently reviewed [36]. In accordance with this postulate, recent studies have also suggested
that higher levels of Tregs cells were correlated with lethality in animals infected with
virulent ASFV isolates [57–59]. Overall, it seems that the regulatory components of the
immune system, such as Tregs and IL-10, might dampen the development of an effective
protective response against virulent ASFV isolates. Future studies should focus more
deeply on the role played by such regulatory components during ASFV infections and in
the course of immunizations with new vaccine candidates.

2.7.2. TGF-β

TGF-β is a multifunctional cytokine belonging to the TGF-β superfamily, which in-
cludes three different isoforms (TGF-β1, TGF-β2, TGF-β3), as well as other 27 proteins [6].
TGF-β is produced by different immune cell types, such as lymphocytes, macrophages and
DCs, and it is involved in regulation of inflammatory processes. Thus, TGF-β participates
in the initiation and resolution of inflammatory responses through the control of differ-
entiation, proliferation, survival and state of activation of different cell subsets [60,61]. It
dampens the inflammatory effects of IL-1β, IL-12 and TNF [10]. TGF-β is also a crucial
player in peripheral T cell homeostasis, being necessary for both Treg and Th17 differ-
entiation [61,62]. In pigs, as well as in humans, it polarizes macrophages towards an
anti-inflammatory phenotype [53,63]. TGF-β counteracts the development of exacerbated
pathological immune responses to self or non-harmful antigens, without affecting immune
responses to pathogens [61].

Only a few studies have evaluated ASFV’s impact on circulating levels of TGF-β. The
levels of this cytokine were monitored at day 0, 7 and 14 after immunization with the
attenuated mutant ASFV-G-∆9GL/∆UK. Results showed an increase in TGF-β levels after
immunization in some of the tested pigs [22]. In another study, a comparative response in
pigs of different ages (either 12 or 18 weeks old) to infection with the moderately virulent
isolate Netherlands’86 was evaluated. In this study, serum levels of TGF-β remained mostly
stable during the whole experiment (from day 0 to 27 pi) [19]. Similar results were later
reported in domestic pigs infected with the highly virulent isolate SY18. In this study,
TGF-β serum values did not increase during the whole observation period (from day 0
to 8 pi) [12]. Overall, ASFV infection did not significantly modulate circulating levels of
this anti-inflammatory cytokine, although small differences have been observed between
strains of diverse virulence.
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2.8. Interferons (IFNs)

Interferons (IFNs) constitute a family of cytokines that play a pivotal role in orches-
trating the innate immune response during viral infections. These proteins were first
discovered in 1957 [64] and are regarded as the first line of defense in cells during viral
infections [65]. To date, three distinct classes of IFNs have been described: Type I, Type II
and Type III IFNs [66].

2.8.1. Type I IFNs

After binding to their receptors, type I IFNs elicit a plethora of biological activities,
leading to the transcription of genes, called IFN-regulated genes (ISGs), which are a
heterogeneous group of proteins that serve different purposes related to direct antiviral
defense and immune regulation. ISGs include PRRs (RIG-I, MDA5 and Toll-like receptors),
signaling molecules (MYD88 and MAVS), transcription factors (IRFs), members of the
signal transducer and activator of transcription family (STATs) and proteins with direct
antiviral functions (Mx proteins and IFITs) [67]. ISG products interfere with different stages
of viral lifecycles (viral entry, uncoating, transcription, replication or egress) or inhibit
viruses by degrading viral RNA and/or blocking translation of viral mRNAs (MOV10,
2′5′ OAS, rNase L, PKR, ZAP) [68]. Considering their crucial role in the fight against viral
infections, several porcine viruses, including ASFV, have deployed strategies to overcome
type I IFN effects [69–71].

Porcine type I IFNs comprise at least 39 functional genes [6]. Type I IFNs include
several families (IFN-α, IFN-β, IFN-ε, IFN-ω, IFN-k, IFN-δ and IFN-τ), some of which
present different subtypes [66]. In pigs, 17 IFN-α subtypes have been described, presenting
different antiviral, anti-proliferative and immunomodulatory properties [66]. On the
contrary, only one IFN-β subtype has been identified in this species [6]. Some studies
monitored type I IFNs through evaluation of their bioactivity, whereas others monitored
serum levels of either IFN-α or IFN-β proteins using ELISA. Details of these research works
are summarised in Table 2.

Serum levels of total type I IFN were studied by monitoring its bioactivity [17,70]. In
these studies, the presence of biologically active IFN was evaluated using MDBKt2 cells
and a chloramphenicol acetyltransferase (CAT) assay [70] or SK6-MxLuc cells [17]. Results
showed an increase in type I IFN levels in pigs infected with genotype II highly virulent
(Georgia 2007/1, Armenia08) and moderately virulent isolates (Estonia2014), but not in
pigs infected with genotype I attenuated isolates (OURT88/3) [17,70]. In parallel, whole
blood transcriptomic module analysis revealed high induction of IFN type I genes after
Armenia08 infection [17]. The observed increase of type I IFN was not related to protection
but was instead associated with a dysregulated fatal immune response. It was suggested
that plasmacytoid DCs (pDCs) were likely the major source of this pathologically high type
I IFN [70], considering that pDCs are indeed able to produce high levels of these molecules
despite the presence of viral type I IFN antagonists [69]. This dysregulated type I IFN
response might be linked to the apoptosis of uninfected lymphocytes observed during
acute forms of ASF, similar to what has been described for other viruses, such as classical
swine fever (CSF) [69]. To date, only one study has investigated pDCs’ interaction with
ASFV [70], thus further research should better elucidate ASFV’s interaction with this cell
type, as well as which factors promote the development of pathologically high levels of
these antiviral cytokines.

In other studies, circulating levels of IFN-α or IFN-β were investigated. Different
studies detected increased levels of IFN-α after infections with genotype I virulent isolates,
such as OURT88/1 and Benin97/1 [55,59], or after infections with genotype II virulent
isolates, including Georgia 2007/1 and SY18 [12,70,72]. In all these studies, IFN-α levels
peaked early after infection (1–3 dpi). On the contrary, no increase was observed in pigs
immunized with the moderately virulent isolate Netherland’86 [19] or the attenuated
isolates Pret4∆9GL [21], Benin∆MGF [59], OURT88/3 [55,59] and OURT88/3∆I329L [55].
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Table 2. Modulation of serum levels of type I IFN in domestic pigs infected with ASFV strains of
diverse virulence.

Type I IFN ASFV Isolate * Dose/Route of
Inoculation

Challenge with
Different Isolate

Day Post-Inoculation
(dpi) or

Post-Challenge (dpc)
Analyzed

Impact on
Cytokine’s

Serum Values
Test Used Reference

Total type I
IFN

OURT88/3
(attenuated) 104 TCID50, IM - 0, 2, 3, 4, 5, 7, 8, 10 dpi None CAT assay,

MDBK cells [70]

OURT88/1
(highly virulent) 104 HAD50, IM - 0, 1, 2, 3, 5 dpi Raise CAT assay,

MDBK cells [70]

Georgia 2007/1
(highly virulent) 104 HAD50, IM - 0, 1, 2, 3, 4, 5, 7, 8 dpi Raise CAT assay,

MDBK cells [70]

Armenia08
(highly virulent)

0.6–1.2 × 102

TCID50, IM - 1, 2, 3, 4, 5, 6, 7 dpi Raise Luciferase assay;
SK6-MxLuc cells [17]

Estonia2014
(moderat.
virulent)

0.6–1.2 × 102

TCID50, IM - 2, 4, 5, 7, 9, 11, 14 dpi Raise, mainly in
SPF pigs

Luciferase assay;
SK6-MxLuc cells [17]

IFN-α
Genotype II

isolate
(highly virulent)

104 HAD50, IM - 1, 2, 3, 4, 5, 7 dpi Raise ELISA [72]

Georgia 2007/1
(highly virulent) 104 HAD50, IM - 0, 1, 2, 3, 4, 5, 7, 8 dpi Raise ELISA [70]

Pret4∆9GL *
(attenuated) 104 TCID50, IM - 0, 7, 10, 14 dpi None ELISA [21]

Netherland’86
(moderat.
virulent)

2 × 103.5 or
2 × 105.5 TCID50,

IN
- 0, 7, 10, 17, 27 dpi None ELISA [19]

OURT88/3
(attenuated) 104 TCID50, IM Benin97/1

(virulent), 104, IM

0, 4 dpi; 3,
termination (4 or 5)

dpc

Mild increase
only

post-challenge
ELISA [59]

Benin∆MGF *
(attenuated) 104 TCID50, IM Benin97/1

(virulent), 104, IM

0, 4 dpi; 3,
termination (6–11)

dpc

Raise at 4 dpi;
raise

post-challenge
ELISA [59]

Benin97/1
(highly virulent) 104 TCID50, IM - 3, 4 or 5 dpi Raise ELISA [59]

OURT88/3
(attenuated) 104 TCID50, IM OURT88/1

(virulent), 104, IM
0, 3, 4, 7, 10, 14, 20

dpi; 0, 3, 5 dpc

None
post-infection;
mild increase

post-challenge

ELISA [55]

OURT
88/3∆I329L *
(attenuated)

104 TCID50, IM OURT88/1
(virulent), 104, IM

0, 3, 4, 7, 10, 14, 20
dpi; 0, 3, 4 dpc

None
post-infection;
mild increase

post-challenge

ELISA [55]

OURT88/1
(highly virulent) 104 TCID50, IM - 0, 3, 4 dpi Raise ELISA [55]

SY18
(highly virulent) 103 TCID50, IM - 0, 1, 2, 3, 4, 5, 6, 7, 8

dpi Raise ELISA [12]

HLJ/18
(highly virulent) 103 HAD50, IM - 1, 5, 8 dpi None ELISA [23]

ASFV-∆7R *
(attenuated)

103 or 105 TCID50,
IM - 1, 5, 8 dpi Raise ELISA [23]

IFN-β
Genotype II

isolate
(highly virulent)

104 HAD50, IM - 1, 2, 3, 4, 5, 7 dpi Raise ELISA [72]

Pret4∆9GL *
(attenuated) 104 TCID50, IM - 0, 7, 10, 14 dpi None ELISA [21]

Georgia 2007/1
(highly virulent) 104 HAD50, IM - 0, 1, 2, 3, 4, 5, 7, 8 dpi Raise ELISA [70]

HLJ/18
(highly virulent) 103 HAD50, IM - 1, 5, 8 dpi None ELISA [23]

ASFV-∆7R *
(attenuated)

103 or 105 TCID50,
IM - 1, 5, 8 dpi Raise ELISA [23]

* Deletion mutant; dpi: day post-inoculation; dpc: day post-challenge; IM: intramuscular inoculation; IN:
intranasal inoculation; TCID: tissue culture infectious dose; HAD: hemadsorption dose.

Both Golding et al. [70] and Karalyan et al. [72] detected increased levels of IFN-β
after infections with high doses of genotype II virulent ASFV isolates. In particular, both
IFN-α and IFN-βwere observed in serum samples from domestic pigs infected with the
virulent isolate Georgia 2007/1, which coincided with viraemia [70]. No increase in both
IFN-α and IFN-β were described in pigs immunized with the attenuated deletion mutant
Pret4∆9GL [21]. Overall, these data suggest that elevated circulating levels of IFN-α and
IFN-β are related to the virulence of ASFV isolates and may be directly correlated with
viral loads in blood. However, results reported by Li and colleagues (2021) were different.
In this case, the infection of pigs with the attenuated deletion mutant ASFV-∆7R, but not
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with its virulent parental strain HLJ/18, resulted in increased serum levels of both IFN-α
and IFN-β [23]. Nevertheless, that enhancement was likely linked to a peculiar function of
the MGF gene (MGF505-7R) in inhibiting the induction of IFN.

2.8.2. Type II IFN

Like humans and mice, porcine type II IFN consists of one molecular species (IFN-γ) [6].
IFN-γ is primarily secreted by CD4+ Th1 cells, NK cells and CD8+ cytotoxic T cells [73], and it
plays a pivotal role in inducing and modulating an array of immune responses. IFN-γ exerts its
function through binding of the IFN-γ receptor (IFNGR), which activates a downstream signal
transduction cascade, ultimately leading to the regulation of several genes’ expression [73,74].
IFN-γ promotes inflammation, NK cell activity and macrophage classical activation. It also
enhances antigen presentation and orchestrates activation of the innate immune system [73–75].
This cytokine possesses a strong antiviral activity [65], thus several viruses have evolved multiple
IFN-γ escape strategies. It has been described that virulent ASFV isolates have developed
mechanisms to efficiently replicate in macrophages stimulated with this anti-viral molecule [36].

Immunization studies in vivo with attenuated ASFV strains revealed that protection
against challenges carried out with virulent isolates was correlated with the development of
a cellular immune response led mainly by NK and CD8+ cytotoxic T cells [36]. A hallmark
of NK/cytotoxic T cells activation is the production of IFN-γ; thus several research works
assessed the production of this antiviral cytokine by using diverse techniques such as
ELISA, ELISpot assay or flow cytometry [36,76].

(a) IFN-γ levels in serum

ELISA techniques were used to quantify circulating levels of IFN-γ in diverse studies
(as summarised in Table 3). Increased serum levels of this cytokine were observed in some
pigs immunized with attenuated isolates such as Benin∆MGF [15,20,59], Benin∆DP148R [54]
or HLJ/18-7GD [18]. Nevertheless, different studies highlighted that IFN-γ secretion
was not synonymous with protection, as its levels were not increased in serum samples
from pigs immunized with attenuated isolates that survived after challenge with viru-
lent isolates [15,21,22,35] or in pigs that survived after infection with moderately virulent
strains [19]. In addition, some research works reported that animals infected with virulent
ASFV isolates presented high IFN-γ levels and also succumbed to disease [15,35,72]. It was
suggested that increased levels of this cytokine in moribund animals could be the result of
an impaired immune response [36].

(b) ASFV-specific IFN-γ T-cell responses

A number of ASFV-specific IFN-γ-producing cells can be monitored using either
ELISpot assay or flow cytometry, techniques that can be useful to quantify specific T-
cell responses. ELISpot assay to detect ASFV-specific IFN-γ-producing cells has been
recently described in detail [76]. This assay is often performed using 96-well plates with
peripheral blood mononuclear cells (PBMC) re-stimulated ex vivo with a recall antigen
(e.g., virus, peptides) [76]. PBMC from surviving inbred pigs infected with the non-virulent
genotype I tissue culture-adapted strain BA71V induced IFN-γ in response to homologous
stimulation with ASFV, but not in response to stimulation with heterologous or virulent
strains [77]. High numbers of ASFV-specific IFN-γ-producing cells in pigs immunized
with the attenuated isolate OURT88/3 and boosted with the virulent isolate OURT88/1
correlated well with protection induced in vivo against homologous and heterologous
challenge [78]. Some correlation between virus-specific IFN-γ-producing cells induced after
immunization with Benin∆DP148R and protection against the virulent parental Benin97/1
was also observed [54]. In addition, correlation between protection and ASFV-specific
IFN-γ-producing cells was recently reported [79]. In detail, the immunization of pigs
with the BA71∆CD2 deletion mutant (developed from the virulent genotype I Badajoz-
71) conferred dose-dependent cross-protection against direct-contact challenge with pigs
infected with the genotype II virulent isolate Georgia2007/1. Protection was associated
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with IFNγ-secreting cells, evaluated by ELIspot in PBMC (re-stimulated ex vivo with either
BA71∆CD2 or Georgia2007/1) [79].

Table 3. Modulation of serum levels of type II IFN in domestic pigs infected with ASFV strains of
diverse virulence.

ASFV Isolate * Dose/Route of
Inoculation

Challenge with
Different Isolate

Dose/Route of
Infection

Day Post-Inoculation
(dpi) or Post-Challenge

(dpc) Analyzed

Impact on
Cytokine’s Serum

Values
Reference

Genotype II isolate
(highly virulent) 104 HAD50, IM - - 1, 2, 3, 4, 5, 7 dpi Raise [72]

OURT88/3
(attenuated)

104 TCID50, IM;
(boost 25 dpi 104

TCID50, IM)

Benin97/1
(virulent) 104 TCID50, IM 0, 3, 5, 7, 10, 20, 28, 32, 46

dpi; 3, 7 dpc

Raise
post-challenge in

1 non-protected pig
[20]

Benin∆MGF *
(attenuated)

102 TCID50, IM;
(boost 25 dpi 104

TCID50, IM)

Benin97/1
(virulent) 104 TCID50, IM 0, 3, 5, 7, 10, 20, 28, 32, 46

dpi; 3, 7 dpc

Mild increase at 5
and 7 dpi in 4/5

pigs
[20]

Benin97/1
(highly virulent) 104 TCID50, IM - - 0, 3, 7 dpi None [20]

Pret4∆9GL *
(attenuated) 104 TCID50, IM - - 0, 7, 10, 14 dpi None [21]

ASFV-G-∆9GL∆UK * 104 TCID50, IM - - 7, 14 dpi None [22]
Netherland’86

(moderately virulent)
2 × 103.5 or 2 × 105.5

TCID50, IN - - 0, 7, 10, 17, 27 dpi None [19]

Benin∆DP148R
(attenuated)

103 HAD50, IM;
(boost 21 dpi 103

HAD50, IM)

Benin97/1
(virulent) 104 TCID50, IM 0, 2, 4, 7, 10, 15, 37 dpi; 3,

5 dpc
Increase at 4 and

7 dpi [54]

OURT88/3
(attenuated)

103 or 104 or 105

TCID50, IN
OURT 88/1
(virulent) 104 TCID50, IM 0, 3, 5, 7, 14, 21 dpi; 3, 5,

7, 14, 19 dpc

Increase
post-challenge in

non-protected pigs
[35]

OURT88/3
(attenuated)

103 or 104 or 105

TCID50, IM
OURT 88/1
(virulent) 104 TCID50, IM 0, 3, 5, 7, 14, 21 dpi; 3, 5,

7, 14, 19 dpc

Increase
post-challenge in

non-protected pigs
[35]

OURT88/1
(virulent) 104 TCID50, IM - - 0, 3, 5 dpi None [35]

Benin∆MFG *
(attenuated)

103 TCID50, IM;
(boost 21 dpi 103

TCID50, IM)

Benin97/1
(virulent) 104 TCID50, IM

0, 2, 4, 7, 10, 15, 21, 24, 28,
39 dpi; 3, 5, 7, 9, 12, 14,

25 dpc

Raise 4 dpi;
post-challenge
higher levels in

non-protected pigs
compared to

protected animals

[15]

Benin∆MFG *
(attenuated)

103 TCID50, IN
(boost 21 dpi 103

TCID50, IN)

Benin97/1
(virulent) 104 TCID50, IM

0, 2, 4, 7, 10, 15, 21, 24, 28,
39 dpi; 3, 5, 7, 9, 12, 14,

25 dpc

Mild raise at 4 and 7
dpi; post-challenge

higher levels in
non-protected pigs

compared to
protected animals

[15]

Benin97/1
(highly virulent) 104 TCID50, IM - - 0, 3, 5 dpi Mild raise [15]

OURT88/3
(attenuated) 104 TCID50, IM Benin97/1

(virulent) 104 TCID50, IM 0, 4, 24 dpi; 3,
termination (4 or 5) dpc

Increase only
post-challenge in

non-protected pigs
[59]

Benin∆MGF *
(attenuated) 104 TCID50, IM Benin97/1

(virulent) 104 TCID50, IM 0, 4, 24 dpi; 3,
termination (6–11) dpc

Mild increase
post-challenge in

non-protected pigs
[59]

Benin97/1
(highly virulent) 104 TCID50, IM - 3, 4 or 5 dpi None [59]

SY18
(highly virulent) 103 TCID50, IM - - 0, 1, 2, 3, 4, 5, 6, 7, 8 dpi None [12]

HLJ/18
(highly virulent) 106 TCID50, IM - - 7 dpi None [18]

HLJ/18-7GD *
(attenuated) 106 TCID50, IM - - 0, 4, 7, 14, 20, 28 dpi Raise [18]

* Deletion mutant; dpi: day post-inoculation; dpc: day post-challenge; IM: intramuscular inoculation; IN:
intranasal inoculation; TCID: tissue culture infectious dose; HAD: hemadsorption dose.

Nevertheless, in some studies, high numbers of IFN-γ-producing cells did not always
correlate to animal survival after challenge, indicating that induction of IFN-γ-specific
T cells is not a sufficient indicator of protection either when virulent challenges were
carried out shortly after immunizations [80–82] or when they were performed long after
immunizations [59], which suggests the existence of other mechanisms, although without
excluding this one, that would be involved in the protection afforded by different ASFV
attenuated isolates [20–22,83]. Adenovirus, alphavirus and vaccinia virus vectors have
all been shown to induce effective ASFV antigen-specific responses. However, despite
the promising immunogenicity data, they have shown limited protection [84,85]. Pools
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of peptides representing diverse sets of ASFV proteins were screened using lymphocytes
from ASFV-immune pigs that had recovered from infection, and specific secretion of IFN-γ
was measured using ELISpot [81]. Group of pigs were immunized with pools comprised of
different genes for some of the selected proteins that were vectored by an adenovirus (rAd)
prime and modified vaccinia Ankara (MVA) boost [81,84]. Netherton et al. [81] observed
that the numbers of ASFV-specific IFN-γ-producing cells in the blood were comparable to
those observed in other studies using live attenuated strains [20,22,78], and although this
immunization regime did not protect animals from severe disease, prime immunization
with pools of rAd induced more robust cellular immune responses than the MVA boost.
On the contrary, Goatley et al. [84] were able to identify eight genes that were able to
protect pigs against fatal disease induced by the virulent isolate OURT88/1. Using ELISpot
techniques, ASFV-specific IFN-γ-producing cells were also detected in pigs after one single
immunization either with OURT88/3 or the deletion mutant Benin∆MGF, with a peak at
24 days post-immunization. However, a single dose did not induce long-term protection
against challenge [59].

Flow cytometry can be adopted to better characterize ASFV-specific IFN-γ-producing cells.
Some studies were only able to speculate on the possible origin of IFN-γ synthesis [54,86–88]. In
a review, Takamatsu et al. [89] mentioned some unpublished results in which they observed that
IFN-γ+ lymphocytes from ASFV-stimulated immune PBMC displayed mainly the CD4+CD8+ T
cell phenotype, of which a third displayed the memory helper T cell (CD4+CD8low) phenotype
and the rest, the cytotoxic (CTL) (CD8high) phenotype [89]. So far, few pioneering studies
have been carried out. Phenotyping of ASFV-specific IFN-γ-producing cells in pigs after
immunization with Benin∆MGF and OURT88/3 have been fully characterized [59,82]. In both
studies, the authors observed that the source of IFN-γ in both immunized groups originated
from different subsets of CD8+ T cells, mainly cytotoxic (CD8high) T cells, particularly double-
positive memory (CD4+CD8+) T cells, suggesting a possible role of these cells in protection.
Moreover, they highlighted the importance of other IFN-γ-secreting cells in these mechanisms,
such as γδ-T cells or NK cells [59,82]. Goatley et al. [82] observed how increased numbers of
specific IFN-γ+ cells evaluated after the inoculation with the attenuated isolate OURT88/3 in
both inbred and outbred pigs did not serve as a protection indicator against challenge with the
virulent isolate OURT88/1, and suggested a possible role of antibodies in protection against
homologous virulent isolates. However, differences in the cellular responses (mainly of CD8+

T cells) in outbred pigs that survived a second challenge with the genotype II virulent isolate
Georgia 2007/1 were observed [82]. In a recent work, both flow cytometry and gene expression
analysis were employed to characterize ASFV-specific cytokine-producing cells in domestic
pigs immunized with BA71∆CD2, a candidate vaccine that conferred dose-dependent cross-
protection against direct-contact challenge with pigs infected with the genotype II virulent
isolate Georgia2007/1. Researchers reported that intracellular cytokine staining of PBMC
from BA71∆CD2-immunized pigs, stimulated ex vivo with BA71∆CD2, showed elevated
percentages of ASFV-specific IFNγ- and TNF-producing CD4+CD8+ T cells, a phenotype
characteristic of polyfunctional memory T cells [79]. In the same work, researchers employed
bulk and single-cell transcriptomics to characterize immune responses against the deleted
mutant BA71∆CD2. Transcriptomics carried out on PBMC showed that BA71∆CD2 triggered
ASFV-specific activation of Th1 and cytotoxic T cells, concomitant with a rapid IFNγ-dependent
triggering of an inflammatory response characterized by TNF-producing macrophages [79].

2.9. Chemokines

Chemokines are a group of small, secreted proteins (8–15 kD), which possess the
ability to mediate selective recruitment of specific cell types in specific tissues [90]. These
molecules play important roles in regulating several immunological processes, including
immune surveillance, immune system development, priming and regulation [90]. In pigs,
different chemokines have been described including 21 CCL, 1 CX3CL, 1 XCL and 16
CXCL. The CCL chemokine superfamily is characterized by significant differences among
species, whereas CXL chemokines are better preserved among species. For example, CCL3
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and CCL7 are chemokines present in mice and humans but missing in pigs and cows [6].
Several viruses have developed mechanisms to evade chemokine responses in order to
manipulate the outcome of infections to their advantage [91].

2.9.1. CXCL Chemokines and ASFV

CXCL8 is the chemokine whose circulating levels have been most studied during
in vivo ASFV infections, although with conflicting findings. On the contrary, there is a
paucity of information regarding ASFV modulation of circulating levels of other CXCL
chemokines, as reported in Table 4. CXCL8 is broadly known as a potent neutrophil
chemoattractant, able to promote the recruitment of neutrophils and other granulocytes
to the site of infection [90]. In addition, this chemokine triggers neutrophil degranulation
and enhancements in their phagocytic functions [10,92]. CXCL8 is released mainly by
macrophages, considered its main source, but also by epithelial cells, endothelial cells and
airway smooth muscle cells [10,93].

In the first study carried out to evaluate circulating levels of CXCL8 during ASFV in-
fection, results revealed no significant modulation in vivo of this chemokine after infection
with either virulent (Benin97/1, Uganda) or attenuated (OURT88/3) ASFV isolates [94].
Similar results were reported in subsequent studies, in which no significant modulation of
these chemokine serum levels was observed after infection with attenuated Pret4∆9GL [21],
attenuated ASFV-G-∆9GL/∆UK [22], moderately virulent Netherland’86 [19], attenuated
SY184L7-11 and virulent SY18 [24] or attenuated HLJ/18-7GD and virulent HLJ/18 [18].
On the contrary, other studies described increased serum levels of CXCL8 after infection
with genotype II virulent isolates Armenia07 [16], Armenia08 [17] and SY18 [12]. The
factors underlying the observed differences are unknown.

CXCL10, or interferon gamma-induced protein 10 (IP-10), is secreted by different
cell types, such as monocytes, macrophages, lymphocytes, keratinocytes, fibroblasts and
endothelial cells [10,95]. IFN-γ strongly enhances IP-10 production by several cell types.
This CXC chemokine exerts its function through binding to chemokine (C-X-C motif)
receptor 3 (CXCR3) [95]. CXCL10 is a chemoattractant for white blood immune cells, such
as macrophages, monocytes, activated T cell and NK cells to the site of inflammation [10,96].
It also has a potent angiostatic effect [96] and can promote T cell development, activation,
trafficking and functions [10,97].

ASFV’s impact on CXCL10 levels has been investigated in a couple of studies, using
qPCR (mRNA levels in whole blood) and western blot (protein levels in plasma) [94]
or ELISA assays (protein levels in serum) [12]. It was described that circulating levels
of this chemokine rise after infection with virulent ASFV isolates belonging either to
genotype I (Benin97/1) or II (SY18) [12,94]. A significant increase of CXCL10 mRNA levels
in whole blood was also observed after infection with the genotype I attenuated isolate
OURT88/3, but at lower levels than observed after infection with the genotype I virulent
isolate Benin97/1. This chemokine promotes T lymphocyte activation and priming toward
the Th1 phenotype, as previously stated, thus, authors suggested that release of CXCL10
observed during OURT88/3 infection might be beneficial for the host, helping pigs to
mount a protective adaptive immune response against the virus. Nevertheless, CXCL10
has also a pro-apoptotic role (it is able to trigger T lymphocyte apoptosis), thus an aberrant
release of this chemokine, as observed during infection with highly virulent ASFV isolates,
might contribute to apoptosis of bystander non-infected lymphocytes, often described
during acute ASFV infections [94].

CXCL12, also known as stromal cell-derived factor 1 (SDF-1), is a strong chemoattrac-
tant for lymphocytes. It also induces intracellular actin polymerization in lymphocytes,
which is regarded as a prerequisite for cell motility [98]. It was later described that this
cytokine plays a crucial role in angiogenesis by recruiting endothelial progenitor cells
(EPCs) from the bone marrow, an effect that was mediated by receptor CXCR4 [99]. In
addition, CXCL12 enhances endothelial cell barrier integrity [100].
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So far, only one study has monitored circulating levels of CXCL12 during ASFV
infections. In this study, serum values of CXCL12 in domestic pigs following infection with
the highly virulent isolate Georgia 2007/1 (104 HAD50/mL), alongside VEGFA and VEGFB
serum levels (described later in Section 2.11), were evaluated. Researchers observed a
significant increase in serum CXCL12 levels at day 5 and 6 pi (termination of the observation
period). Such an increase came later than the increase of VEGFB plasma levels and was
detected once vascular damage and hemorrhages were already present in infected pigs. It
was suggested that CXCL12 release could be a compensatory mechanism to counteract the
increased vascular permeability at final stages of the disease [101].

Table 4. Modulation of circulating levels of chemokines in domestic pigs infected with ASFV isolates
of diverse virulence.

Chemokine ASFV Isolate * Isolate Virulence Dose/Route of
Inoculation

Day
Post-Inoculation
(dpi) Analyzed

Impact on
Cytokine’s

Serum Values
Reference

CXCL8 OURT88/3 Attenuated 104 TCID50, IM 3, 5, 7, 14, 20 Decrease [94]
Benin97/1 Highly virulent 104 HAD50, IM 3, 5, 7 None [94]

Uganda 1965 Highly virulent 104 HAD50, IM 3, 5, 7 None [94]
Armenia07 Highly virulent 104 HAD50, IM 1, 2, 3, 4, 5, 6, 7 Raise [16]

Pret4∆9GL * Attenuated 104 TCID50, IM 7, 10, 14 None [21]
ASFV-G-∆9GL∆UK * Attenuated 104 TCID50, IM 7, 14 None [22]

Netherland’86 Moderately
virulent

2 × 103.5 or 2 × 105.5

TCID50, IN
0, 7, 10, 17, 27 None [19]

SY18 Highly virulent 103 TCID50, IM
0, 1, 2, 3, 4, 5, 6, 7,

8 Raise [12]

SY18 Highly virulent 103 TCID50, IM 0, 3, 7, 10, 14, 21 None [24]

SY18∆L7-11 * Attenuated 103 or 106 TCID50, IM
0, 3, 7, 10, 14, 21,

28 None [24]

Armenia08 Highly virulent 0.6–1.2 × 102 TCID50,
IM

1, 2, 3, 4, 5, 6, 7 Raise [17]

Estonia2014 Moderately
virulent

0.6–1.2 × 102 TCID50,
IM

2, 4, 5, 7, 9, 11, 14 Raise mainly in
farm pigs [17]

HLJ/18 Highly virulent 106 TCID50, IM 7 Decrease [18]
HLJ/18-7GD * Attenuated 106 TCID50, IM 0, 4, 7, 14, 20, 28 None [18]

CXCL10 Benin97/1 Virulent 104 HAD50, IM 3, 5, 7 Raise [94]

SY18 Highly virulent 103 TCID50, IM
0, 1, 2, 3, 4, 5, 6, 7,

8 Raise [12]

CXCL12 Georgia 2007/1 Virulent 104 HAD50, IM 1, 2, 3, 4, 5, 6 Raise [101]

CCL2 OURT88/3 Attenuated 104 TCID50, IM 3, 5, 7, 14, 20 None [94]
Benin97/1 Highly virulent 104 HAD50, IM 3, 5, 7 Raise [94]

Uganda 1965 Highly virulent 104 HAD50, IM 3, 5, 7 Raise [94]

CCL5 SY18 Highly virulent 103 TCID50, IM
0, 1, 2, 3, 4, 5, 6, 7,

8 Raise [12]

* Deletion mutant; IM: intramuscular inoculation; IN: intranasal inoculation; TCID: tissue culture infectious dose;
HAD: hemadsorption dose.

2.9.2. CCL Chemokines and ASFV

Very few studies have focused on ASFV’s impact on circulating CCL chemokine
levels (summarized in Table 4). CCL2, CCL3, CCL4 and CCL5 are potent chemokines
which recruit immune cells to the site of inflammation [10]. CCL2, also called monocyte
chemoattractant protein 1 (MCP1), is a potent chemoattractant for monocytes [102]. CCL2
also enhances migration of other cell types, including T cells, NK cells and DCs, in response
to inflammation [102–104]. It exerts its function through the receptor CCR2 [102]. CCL2
is produced by different cell types, including endothelial cells, fibroblasts, epithelial cells
and smooth muscle cells, although monocytes/macrophages are the main source of this
chemokine [102]. Among macrophages, CCL2 is mainly released by classically activated
macrophages (M1) in the framework of a pro-inflammatory response [10].

CCL3 and CCL4 are two chemokines mainly produced by monocytes/macrophages [105].
In particular, they are mainly released by activated macrophages (M1) in the framework of a
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pro-inflammatory response [10]. They were originally discovered in 1988 as a protein doublet,
called “macrophage inflammatory protein-1” (MIP-1) [106], but later biochemical separation
and characterization of MIP-1 yielded two distinct proteins: MIP-1α and MIP-1β [105]. Both
CCL3 and CCL4 display several inflammatory properties, including chemotaxis of diverse
leukocyte types, such monocytes, T cells, NK cells, DCs and granulocytes [107].

CCL5, or the regulated upon activation normal T cell expressed and secreted (RANTES),
is another potent inflammatory chemoattractant. It is mainly released by T-cells and mono-
cytes, although other immune cells can express this chemokine [108]. CCL5 can also bind
to diverse receptors such as CCR1, CCR3, CCR4 and CCR5, the latter with highest affin-
ity [108]. It promotes recruitment of diverse immune cell types such as T cells, basophils,
eosinophils and DCs to the site of inflammation [10]. With the help of other cytokines re-
leased by T cells, such as IL-2 and IFN-γ, CCL5 also induces the proliferation and activation
of certain NK cells to form CHAK cells (CC-Chemokine-activated killer) [109].

Domestic pigs infected with virulent ASFV isolates belonging to either genotype I
(Benin97/1) or genotype X (Uganda) presented elevated plasma levels of CCL2, which were
strongly higher than those detected in uninfected control animals or pigs immunized with
the attenuated isolate OURT88/3 (genotype I) [94]. Researchers suggested that increased
levels of CCL2 would have led to monocytes recruitment into the circulation, with a
subsequent increase in the number of cells susceptible to ASFV infection [94]. In the same
study, gene expression of CCL2 and other CCL chemokines in whole blood (mRNA levels)
was also evaluated. Results showed that infection of virulent isolate Benin97/1 significantly
increased expression not only of CCL2, but also of CCL3, CCL4 and CCL5, although the
greatest fold increase was observed for CCL2. CCL5 serum levels during ASFV infection
in vivo have also been monitored in a recent study. Researchers reported that infection with
the genotype II highly virulent isolate SY18 resulted in increased serum values of CCL5
(RANTES) early after infection (2–4 dpi), which remained elevated until the end of the
experimental study (7–8 dpi) [12]. Increased CCL5 serum levels were associated with high
levels of several pro-inflammatory cytokines and severe ASF clinical signs, thus the authors
suggested that high CCL5 serum values could be a hallmark of a lethally uncontrolled
immune status [12].

2.10. Colony Stimulating Factors

Colony stimulating factors (CSFs) are a group of cytokines essential to both hematopoiesis
and immune competence. Family members include macrophage-CSF (M-CSF; CSF1),
granulocyte/macrophage-CSF (GM-CSF; CSF2); granulocyte-CSF (G-CSF; CSF3) [5,6].

2.10.1. G-CSF

G-CSF is the major hematopoietic growth factor involved in the control of neutrophil
development and supports the maintenance of steady-state neutrophil levels in vivo [110].
In addition, this cytokine enhances several neutrophil effector functions in response to
bacterial infection, such as superoxide anion generation and the release of arachidonic acid,
as well as the production of leukocyte alkaline phosphatase and myeloperoxidase [111]. In
the clinic, G-CSF has been applied in the treatment of various forms of both congenital and
acquired neutropenia [112].

To date, only one study has evaluated the fluctuation of G-CSF levels during ASFV
infection. Serum levels of this cytokine were assessed during experimental infection with
the genotype II virulent isolate Armenia07, alongside IL-17 and IL-23, as above described
(Sections 2.6.1 and 2.6.2). A significant increase in serum levels of G-CSF was observed
at day 3 pi in infected pigs, which displayed levels about four times higher than those
observed in healthy controls. Afterwards, G-CSF levels decreased until reaching levels
equivalent to those detected in control pigs towards the end of the experiment (7 dpi) [48].
In the same study, researchers observed increased serum levels of IL-17 and IL-23, as
well as neutrophil recruitment in the lung of infected pigs. The authors observed that
the increase in serum levels of G-CSF was secondary to IL-17 increase, and subsequent
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to both neutropenia and neutrophil recruitment in the tissues. It was suggested that
increased levels of G-CSF would have a compensatory nature, stimulating proliferation of
new granulocytes.

2.10.2. GM-CSF

GM-CSF is a cytokine that promotes the production, maturation and activation of
neutrophils, macrophages and DCs [113]. In addition, it stimulates the proliferation of
neutrophils from common myeloid progenitors, directly and synergistically with other
hematopoietic growth factors (G-CSF and IL-6) [114]. GM-CSF is produced by diverse cell
types, such as macrophages, lymphocytes, fibroblasts, endothelial cells, chondrocytes and
tumor cells, in response to several immunogenic stimuli [115]. GM-CSF induces recruitment
of cells belonging the innate immune system. Different studies have also suggested that
this cytokine could be used as an effective treatment for encephalitis caused by West Nile
virus, diverse bacterial infections and viral pneumonia [116].

To date, serum levels of this colony-stimulating factor during ASFV infections have
been evaluated only in a couple of studies. In one research work, serum GM-CSF levels
were almost undetectable in domestic pigs infected with 103 TCID50/mL of the virulent
isolate SY18 (genotype II) or its derived mutant SY18∆L7-11 during the whole observation
period (from day 0 to 28 pi) [24]. On the contrary, serum values of this cytokine were
increased at day 7 pi in pigs inoculated with the attenuated isolate HLJ/18-7GD [18]. The
factors underlying the observed differences are unknown.

2.11. Vascular Endothelial Growth Factors

Vascular endothelial growth factors (VEGFs) are member of the Platelet Derived
Growth Factor (PDGF) superfamily, which in pigs includes PDGFA, PDGFB, PDGFC, PGF,
VEGFA (VEGF), VEGFB, VEGFC and VEGFD [6]. VEGFs play a pivotal role in angiogenesis.
The formation of blood vessels from the existing vasculature is an obligate requirement
for the development and survival of an organism, and angiogenesis must be tightly co-
ordinated. Insufficient angiogenesis results in ischemic disorders and impaired organ
developments, whereas uncontrolled angiogenesis contributes to tumor progression [117].
VEGFs are crucial in the physiological development and maintenance of the vascular and
lymphatic systems. These cytokines stimulate endothelial cells to degrade the extracellular
matrix, migrate, proliferate and form tubes, as well as promote endothelial cell survival.
VEGFs also increase vascular permeability [118].

Hemorrhages of different severity constitute a hallmark of ASF. Depending on the
ASF clinical form developed by infected animals (acute or subacute), hemorrhages have
been attributed to different mechanisms such as endothelial cells disruption, intravascular
coagulation phenomena, vasodilation or increased vascular permeability [26,119]. VEGF is
known to increase vascular permeability, thus it is possible that production of this mediator
from infected cells might contribute to the vascular changes that characterize ASF. So far,
only one study has investigated VEGF’s role in ASFV infection. Domestic pigs inoculated
intramuscularly with 104 HAD50/mL of the highly virulent isolate Georgia2007/1 (geno-
type II) showed an increase in serum VEGFB values starting from day 3 pi, which remained
elevated until the end of the experimental study (day 6 pi) [101]. Researchers described that
macrophages produced nitric oxide and VEGFB in response to ASFV infection, which was
followed by an increase in VEGF-mediated endothelial permeability [101]. This preliminary
work suggested a role played by VEGF in coagulopathy and vascular lesions observed
during acute ASFV.

3. The Tissues Perspective: Cytokine Role in ASFV Immunopathogenesis
3.1. Lymphoid Depletion and Cell Death

Cells belonging to the mononuclear phagocyte system, mainly monocytes and fixed
macrophage populations in different tissues, constitute the main target cells for ASFV
replication, while other cell types can also become infected, but mostly in later stages
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of the disease [26]. Preliminary electron microscopy and immunohistochemical studies,
carried out on tissue specimens taken from pigs experimentally infected with virulent
ASFV isolates, pointed to cell apoptosis in lymphocyte infiltrates of non-lymphoid organs
and lymphoid organs as the cause of lymphoid tissue destruction, and consequently of the
lymphopenia and immunosuppression that characterize acute ASF. Ultrastructural studies
also described the presence of biosynthetically activated cells/macrophages (infected and
non-infected) in nearby areas where an intense apoptosis of lymphocytes was taking
place, suggesting that these cells might have an indirect effect on the massive apoptosis
of uninfected lymphocytes by the release of chemical mediators [120–123]. It was also
suggested that the degree of apoptosis in the lymphoid organs was related to the amount of
cytokines secreted. This fact, in turn, would depend on the number of ASFV infected cells
and on the virulence of the isolate involved, which might explain the greater lymphocyte
apoptosis induced by highly virulent compared to less virulent isolates [123].

The role of TNF (formerly known as TNF-α) in lymphocyte apoptosis during acute
ASF was suggested in subsequent in vitro studies, where TNFs containing supernatants
from ASFV-infected cultures induced apoptosis of uninfected lymphocytes [34]. In the same
study, domestic pigs experimentally infected by the IM route with a high dose (105 TCID50)
of the genotype I virulent isolate España-75, displayed an enhanced TNF mRNA expression
from day 2 or 3 in different target organs (spleen, liver and mesenteric, submandibular
and mediastinal lymph nodes), which was correlated with viral protein expression (p30
and p54). These animals also displayed an increase in serum concentrations associated
with the onset of clinical signs. A preliminary immunohistochemical study carried out on
frozen tissue sections from infected pigs, whose quantitative results were not shown, also
suggested the presence of cells morphologically identified as macrophages secreting TNF
from day 2 pi in the spleen (mainly in red pulp) and from day 3 pi in renal lymph nodes
(mainly in sinuses and medulla), whose presence was increased on the following day (at
day 3 pi in the spleen and at day 4 in renal lymph nodes), decreasing thereafter. On the
other hand, the presence of cells immunolabelled against the viral antigen was higher than
TNF-secreting cells and persisted for longer period [34].

Later on, systematic immunohistochemical studies were carried out on formalin-fixed
paraffin-embedded (FFPE) spleen, lymph nodes (renal and gastrohepatic), palatine tonsils,
thymus, liver and kidney tissue specimens taken from young domestic pigs (30 kg at
the start of the experiment) intramuscularly inoculated with a high dose (105 HAD50) of
the genotype I virulent isolate España-70. Three pigs were used as uninfected controls,
while another twenty-one animals were euthanized in batches of three between day 1
and 7 pi. Using commercial ELISA kits, levels of IL-1β and TNF were also evaluated in
serum samples taken from euthanized pigs at different days after infection. From day 2 pi
onwards, serum concentrations of both cytokines increased significantly with respect to the
levels shown by uninfected control pigs, reaching a maximum at day 4 pi for IL-1β and at
day 6 pi for TNF [13].

Next, we will focus on summarizing the most characteristic histopathological findings
and pathogenic mechanisms that were suggested to explain the role played by different
cytokines in the onset and evolution of lesions such as lymphoid depletion that affected
different lymphoid organs (lymph nodes, spleen, thymus, palatine tonsils), pulmonary
oedema, hepatic lesions or renal hemorrhages that were described in these domestic pigs
which developed an acute form of the disease.

3.1.1. Spleen and Lymph Nodes (Gastrohepatic and Renal)

Images of cell death by apoptosis, characterized by the presence of pyknotic cells, cell
fragmentation and engulfed apoptotic bodies by macrophages (tingible body macrophages)
were observed during histopathological evaluations in lymphoid follicles (B-cell area)
of the spleen as well as in lymphoid follicles (B-cell area) and diffuse lymphoid tissue
(T-cell area) of lymph nodes (gastrohepatic and renal) taken from animals euthanized at
day 2 pi [13,14]. Such lesions increased in severity from day 3 pi onwards, displaying, in
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both the splenic and lymph node follicles, a severe lymphoid depletion. Lymph nodes
also displayed a severe lymphoid depletion affecting diffuse lymphoid tissue along with
hemorrhages. The appearance and increase of apoptotic phenomena was confirmed “in
situ” by terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) tech-
nique. These changes were accompanied by a significant increase in the number of SWC3+

monocytes–macrophages (m-Mo) in splenic structures (splenic cords, marginal zones and
follicles) from day 2 pi and lymph nodes (cortex and medulla) from day 3 pi onwards.
The presence of cells immunolabelled against viral antigen (viral protein-Vp73), mainly
m-Mo and reticular cells, but not lymphocytes, was observed in splenic cords and marginal
zones of the spleen and in the medulla of lymph nodes from day 1 pi. This presence was
increased throughout the experiment, especially in splenic cords and the marginal zone of
the spleen, as well as in the medulla of lymph nodes, peaking between day 4–5 pi [13,14].

In the cortex of lymph nodes, intra-follicular m-Mo that secreted TNF, IL-1α, IL-1β and
IL-6 peaked between day 2 and 4 pi. Except for cells marked against IL-6, which decreased
after day 3 pi, the presence of m-Mo immunolabelled against these cytokines remained high
within the lymphoid follicles until the end of the experiment at day 7 pi. In the medulla,
the evolution of cytokines secretion was similar to that described in the cortex. Capillary
endothelial cells labelled against TNF and IL-1α were observed occasionally from day 5 pi
onwards. However, the presence intra-follicular m-Mo marked against IL-1α and IL-6 in
the spleen was almost negligible, although its number increased progressively until the
end of the experiment. Intra-follicular m-Mo immunolabelled against IL-1β and TNF were
present in higher number, reaching their highest values between day 5–7 pi and coinciding
with the maximum presence of cells marked against IL-1α and IL-6 [13,14].

Taken together, these results suggested that: (i) the increase of m-Mo in the spleen
and lymph nodes coincided with the appearance of cells with signs of viral infection,
changes that preceded the appearance of lymphocyte apoptosis, lymphoid depletion and
hemorrhages; (ii) the infection of m-Mo did not inhibit their biosynthetic activation; (iii)
many of m-Mo that secreted cytokines did not display signs of viral infection; (iv) cytokines,
especially TNF and IL-1 (α and β) released by m-Mo (infected and non-infected), were
pointed out as being responsible for the appearance and severity of lymphoid depletion and
hemorrhages observed in the spleen and lymph nodes, while IL-6 would play a role in the
modulation of inflammatory changes and immune response only at early stages after ASFV
infection. Among these cytokines, other studies focused on understanding hemorrhagic
viral diseases mechanisms have also pointed to TNF as a determinant in the apoptosis of
different cell populations. In addition, this cytokine is able to stimulate the synthesis of
other cytokines, such as IL-1 and IL-6, with overlapping and synergic effects, which would
contribute to increasing the severity of tissue damage and apoptosis phenomena resulting
from viral infections, leading to a state of immunosuppression [124–128].

The ASFV genome contains genes homologous with proteins known for inhibiting
apoptosis [129–131]. This fact might contribute to promoting the survival of infected
macrophages, which might result in a more efficient and productive infection [123]. In
addition, the virus may increase the biosynthetic activation and cytokine secretion of
infected macrophages, also contributing to the cytokine secretion by non-infected neigh-
boring cells as a result of a paracrine effect [25]. In later stages after infection, cytopathic
effect caused by virus replication (necrosis) would contribute to reducing the number of
macrophages observed in the splenic cords, marginal zone of spleen as well as in the cortex
and medulla of the lymph nodes. However, it would not explain the severe depletion by
lymphocyte apoptosis observed in cells that were not pointed out as target cells of the
virus [120,122,132]. Therefore, there was a clear association between the arrival of ASFV
to the spleen and lymph nodes, the increase of m-Mo, the secretory activation of many of
these cells (infected and non-infected) and the severe lymphoid depletion due to apoptosis,
existing differences that would depend on the organ and structure evaluated. These facts
suggested that cytokine response would not be the result of a systemic, coordinated and
uniform response, but would be triggered by the arrival of the virus to each organ or tissue
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compartment. As mentioned above, among the cytokines evaluated whose main source
were the monocytes–macrophages, TNF was suggested as the principal factor responsible
for lymphocyte apoptosis as a result of a paracrine effect. However, the synergistic effect
played by others of the cytokines evaluated with apoptotic capacity, such as IL-1β and IL-6,
could not be ruled out. Therefore, an aberrant cytokine storm induced by ASFV would be
the final factor responsible of the massive lymphocyte apoptosis observed in lymphoid
organs from the initial stages after infection. The hypoxia caused by phenomena such as
hyperemic splenomegaly or hemorrhagic lymphadenitis may also contribute to a massive
destruction of lymphocytes, but by necrosis and only at the final stages of the infection.

3.1.2. Thymus

The thymus did not display any remarkable histopathological changes until day
3 pi, when the occasional presence of pyknotic cells, cell fragmentation and tingible body
macrophages containing cell debris in the cytoplasm were observed in the thymic cortex,
giving rise to the so-called “starry-sky” appearance. These changes increased over the next
days leading to an intense depletion of the cortex in those animals that were euthanized
between day 4 to 7 pi. Lymphoid depletion, along with an increase of apoptotic cells
identified by TUNEL technique, was also observed in the medulla from day 3 pi onwards.
Relevant vascular changes, such as hemorrhages were not observed in any of the thymus
samples taken throughout the experiment. Progressive lymphoid depletion was accom-
panied by a significant increase in the number of SWC3+ m-Mo from day 3 pi onwards in
the medulla and from day 4 pi onwards in the cortex. The number of SWC3+ m-Mo in the
thymic cortex was higher than in the medulla from day 4 pi onwards. The presence of cells
immunolabelled against viral antigen (Vp73), mainly macrophages and reticulo-epithelial
cells, was observed from day 3 pi in the medulla and corticomedullary junction. Thereafter,
cells marked against the viral antigen, that also included occasionally lymphocytes, were
increased in both the medulla and cortex, peaking between day 5 and 7 pi [14,133].

As described for lymphoid follicles in the spleen and lymph nodes, cells immunola-
belled against cytokines increased from day 3 pi in both the thymic cortex and the medulla
in parallel to lymphocyte apoptosis. Such cells, mainly macrophages, were observed in
nearby areas where lymphocyte destruction was taking place. In the thymic cortex, cells
secreting IL-1β and IL-6 were the first to increase from day 3 pi, followed by a significant
increase in macrophages immunolabelled against IL-1α from day 5 pi and cells marked
against TNF at days 6 and 7 pi. In the medulla, cells that secreted IL-1β, IL-1α and IL-6
were increased from day 3 pi while cells immunolabelled against TNF increased from day
5 pi and peaked at day 6 pi. Again, macrophages immunolabelled against TNF constituted
the largest secretory cell population in both the thymic cortex and medulla at the final
stages of the experiment (day 6–7 pi) when lymphoid depletion was more severe, showing
this cytokine as the main responsible for apoptosis of lymphocytes in the thymus [14].

3.1.3. Palatine Tonsil

From day 3 pi, histopathological changes observed in palatine tonsils were charac-
terized by the presence of lymphoid depletion in lymphoid follicles and interfollicular
areas with images of pyknotic cells, cell fragmentation and tingible body macrophages
with engulfed cell debris. Vascular changes such as hyperemia and hemorrhages were also
described. An increase of TUNEL-positive cells was described from day 3 pi in interfollic-
ular areas and within lymphoid follicles, peaking between day 6 and 7 pi. Viral antigen
(Vp73) was detected from day 3 pi in interfollicular areas and from day 4 pi onwards in
lymphoid follicles, the marginal zone and tonsillar epithelium. The number of cells marked
against the viral antigen, mainly macrophages, increased significantly in interfollicular
areas and, to a lesser extent, in lymphoid follicles and the marginal zone between day 5 and
7 pi, not presenting in tonsillar epithelium an increase of positive cells against Vp73, mainly
macrophage infiltrates and some epithelial cells. In parallel with lymphoid depletion and
apoptosis phenomena, a progressive increase of SWC3+ macrophages was observed from
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day 3 pi onwards in interfollicular areas, lymphoid follicles, the marginal zone and tonsillar
epithelium, peaking between day 5 and 7 pi. Such an increase was especially remarkable
within the lymphoid follicles. A mild increase in macrophages immunolabelled against
IL-1αwas observed from day 3 pi in interfollicular areas and the tonsillar epithelium and
from day 4 pi onwards in lymphoid follicles, peaking in all areas evaluated between day 5
and 7 pi. Regarding cells secreting TNF, only a few were observed in lymphoid follicles
and the marginal zone from day 2 pi, increasing moderately in number between day 4 and
7 pi in parallel with a moderate increase also observed in interfollicular areas. TNF+ cells
were not detected in the tonsillar epithelium [134].

Therefore, in palatine tonsils, macrophages immunolabelled against IL-1α constituted
the largest secretory cell population in lymphoid follicles, the marginal zone and interfollic-
ular areas at the final stages of the experiment (day 5–7 pi) when lymphoid depletion and
apoptosis phenomena were more severe. An increase in the number of macrophages in
lymphoid structures of the palatine tonsil, many of them secreting pro-apoptotic cytokines,
occurred in parallel with the appearance and increase of cells immunolabelled against
the viral antigen in the same locations from day 3 pi onwards. Therefore, virus infection
of macrophages would trigger the biosynthetic activation of infected and non-infected
macrophages, also contributing through different chemical mediators’ release to the recruit-
ment and increase of macrophages, as well as to the massive destruction of non-infected
lymphocytes due to a cytokine storm [134].

3.2. Liver and Acute Phase Response

Other studies were focused on ascertaining the role played by cytokines secreted
by hepatic m-Mo populations in the pathogenic mechanisms of hepatitis that appeared
in domestic pigs during acute forms of ASF. From day 3 pi, histopathological studies
revealed the presence of vascular changes in portal spaces and interlobular septa (hyper-
emia and oedema), along with cell infiltrates constituted by neutrophils, lymphocytes and
macrophages. In addition, hepatic sinusoids displayed a large number of circulating cells,
mainly neutrophils, monocytes and occasional lymphocytes, along with enlarged Kupffer’s
cells (KC). These lesions increased in severity from day 5 pi onwards, appearing images
of pyknosis and cell fragmentation characteristic of apoptosis among the cell infiltrates,
circulating cells and KC. Towards the end of the experiment (day 6 pi), sinusoidal endothe-
lial cells appeared swollen. Viral antigen (Vp73) was detected mainly in the circulating
monocytes of sinusoids and KC from day 3 pi onwards. The maximum number of cells with
signs of viral infection was detected between day 5 and 6 pi, highlighting the presence of an
important number of KC, macrophages present at portal spaces infiltrates and interlobular
septa infiltrates, as well as hepatocytes immunolabelled against the viral antigen. From day
1 pi, circulating monocytes SWC3+ in sinusoids significantly increased and stayed high in
number until the end of the experiment. However, the number of KC and macrophages in
portal infiltrates SWC3+ suffered a significant increase at later stages between day 3 and 5 pi,
declining thereafter. In parallel, a significant increase in sinusoidal circulating monocytes
immunolabelled against IL-1α, and, to a lesser extent, against TNF and IL-6, was confirmed
from day 1 pi. This increase did not become significant for KC and portal macrophages
that secreted IL-1α, TNF and IL-6 until day 3 pi. Sinusoidal circulating monocytes, KC and
portal macrophages that secreted IL-1α, TNF and, to a lesser extent, IL-6, peaked at day
5 pi, decreasing progressively at day 6 and 7 pi [135].

These results evidenced an early numerical increase (from day 1 pi) and biosynthetic
activation of sinusoidal circulating non-infected monocytes that secreted chemoattractant
mediators (mainly IL-1α and TNF) prior to virus detection in the liver, which suggested
the existence of a mechanism to recruit target cells susceptible to virus infection. Results
also evidenced a numerical increase and biosynthetic activation of the resident populations
of infected and non-infected hepatic macrophages, mainly KC, which occurred after the
detection of the viral antigen in some of these cells (from day 3 pi onwards) in parallel
to the onset of hepatitis. In this sense, IL-6, a chemical mediator that is activated by
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TNF [136] and that may prompt the appearance of cell infiltrates [137], was suggested as
an important modulator of immune responses and inflammatory lesions observed in the
liver. Additionally, there was a clear association between the infection of hepatocytes and
the numerical increase and biosynthetic activation of hepatic macrophages, mainly KC,
which suggested that chemical mediators released by KC might induce the expression of
surface receptors required for virus infection and replication in cells not belonging to the
mononuclear phagocytic system, such as hepatocytes [135].

Results obtained in this study also suggested a direct association between some of the
cytokines secreted by KC and other hepatic macrophages and the serum levels reached
by APP synthetized by hepatocytes. In this sense, changes in the number of KC and other
hepatic macrophages secreting IL-1α and TNF were linked to serum levels’ evolution of C-
reactive protein (CRP) and serum Amyloid A (SAA), while the serum levels of haptoglobin
(HP) were associated with the secretion of IL-6 [138].

3.3. Lung and Pulmonary Oedema

Previous electron microscopy studies carried out on lung samples from domestic pigs
infected with a highly virulent ASFV isolate (Malawi 83) suggested that the biosynthetic
activation of pulmonary intravascular macrophages (PIMs) would be involved in the
mechanisms responsible for the increase in vascular permeability of pulmonary capillaries
and the appearance of pulmonary edema characteristic of acute forms of ASF [139]. In
subsequent studies, immunohistochemical techniques were implemented to evaluate virus
infection, as well as cytokines secretion by the different pulmonary macrophage populations
on lung samples from domestic pigs infected intramuscularly with the genotype I virulent
isolate España-70. Morphological evaluations showed a mild septal thickening in lung
samples from pigs euthanized at day 3 pi. From day 4 pi, along with more severe septal
thickening, animals also displayed mild interstitial edema. Interstitial edema became more
severe in subsequent days, with appearing alveolar edema also appearing and lesions
that became especially severe at days 6 and 7 pi. Viral antigen (Vp73) was not detected in
any of pulmonary macrophages until day 3 pi. However, although the number of PIMs
immunolabelled against the viral antigen increased as the disease progressed, peaking at
day 6 and 7 pi, the number of pulmonary alveolar macrophages (PAMs) remained without
remarkable changes. From day 1 pi there was a significant increase in the number of PIMs
marked against SWC3, that peaked at day 3 pi and remained high until the end of the
experiment. Such an increase was much more moderate and came later (from day 3 pi) in
the case of PAMs immunolabelled against SWC3 [140].

PIMs marked against TNF and IL-1α also displayed a significant increase from day
1 pi that peaked at day 3 pi. The presence of a high number of PIMs, mainly secreting
IL-1α and, to a lesser extent, TNF, remained high in subsequent days until the end of the
experiment. On the contrary, the number of PAMs that secreted cytokines did not display
relevant changes over the course of the experiment. Only from day 2 pi, the occasional
presence of PAMs marked against TNF (which were not observed in non-infected control
pigs) was described, without remarkable changes in their number over the following days.
Regarding PAMs marked against IL-1α, lung samples from infected pigs displayed the
same number as non-infected control pigs [140]. The early increase of PIMs secreting IL-1α
and TNF occurred before ASFV detection in the lung, suggesting that it was induced by
circulating chemotactic mediators released by other activated cells from different virus
target organs. Both IL-1α and TNF have marked chemotactic activity, so they would
contribute to attracting and activating more inflammatory cells, as well as to increase lung
capillary endothelial permeability, changes that would contribute to the early appearance
of a mild interstitial edema and septal thickening. However, the highest number of PIMs
secreting IL-1α and TNF occurred just after the viral antigen was detected in this pulmonary
macrophage population from day 3 pi. From that moment, there was a significant increase
in the number of PIMs (infected and not infected) secreting cytokines, especially IL-1α, and
to a lesser extent, TNF, in parallel to the appearance of the most severe pulmonary lesions,
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including cell infiltrates in lung septa, as well as severe interstitial and alveolar edema.
Therefore, contrary to the role played by PAMs, the biosynthetic activation of PIMs was
key in the induction of lung inflammatory changes during acute ASF [140].

3.4. Kidney and Hemorrhages

Preliminary electron microscopy studies carried out on kidney samples taken at the
middle stage of ASF acute forms (day 5 pi) from pigs infected with a virulent isolate
(Malawi 83; genotype I) revealed no evidence of virus infection or replication in the en-
dothelial cells of interstitial capillaries despite the existence of interstitial hemorrhages.
These findings ruled out virus replication and destruction of endothelial cells as the initial
cause of renal hemorrhages. However, the virus could contribute to the appearance of renal
hemorrhagic lesions at the final stages of acute forms when virus replication was observed
within renal capillary endothelium. When the presence of renal interstitial hemorrhages
was described at the initial stages of the disease, non-infected capillary endothelial cells
displayed ultrastructural changes in phagocytic activation. It was suggested that such acti-
vation, characterized by endothelial cells’ hypertrophy, occurred to ensure that cell debris
from other injured tissues were removed from the blood circulation. Endothelial activation
caused the loss of endothelial cell junctions along with a progressive endothelial disruption
that caused a generalized detachment of the endothelium, giving rise to erythrocytes and
cell debris to move into the interstitium, causing hemorrhages. Endothelial activation
and hypertrophy also coincided with an increase in the number of nearby macrophages,
with and without signs of viral infection, which also displayed the ultrastructural changes
characteristic of biosynthetic activation. These changes led to the hypothesis that chemical
mediators released by activated macrophages could also contribute to endothelial activation
and disruption [141].

Histopathological and immunohistochemical studies were subsequently carried out on
kidney samples taken from domestic pigs infected intramuscularly with the genotype I vir-
ulent isolate España-70 that were euthanized sequentially between day 1 and 7 pi [142,143].
As in previous studies, histopathological evaluation did not reveal the presence of re-
markable renal lesions up to day 5 pi. Lesions were characterized by their presence in
both the renal cortex and medulla of mild and occasional interstitial hemorrhages and
edemas, along with mild interstitial infiltrates constituted by enlarged macrophages. The
most severe lesions were described at day 7 pi. Such lesions were characterized by the
presence of cell debris and fibrin deposits able to obliterate glomerular capillaries, which
also displayed swollen endothelial cells and enlarged circulating monocytes. A diffuse
congestion of interstitial capillaries of the renal cortex and medulla, along with a high
number of enlarged circulating monocytes, neutrophils, lymphocytes, cells debris and
fibrillar materials identified as fibrin were also described. In addition, interstitial capillary
endothelial cells were hypertrophic and contained intracytoplasmic engulfed cell debris.
Interstitial edema was more severe and diffuse than observed in previous days, especially
in the medulla. The presence of small, scattered interstitial hemorrhages and interstitial
mononuclear infiltrates was also more frequent in both the renal cortex and medulla than
in previous days. Infiltrates mainly constituted large macrophages, along with some lym-
phocytes and occasional plasma cells. Cell death phenomena among cells of the infiltrates
were quite intense, with many hypertrophic macrophages displaying intracytoplasmic
engulfed cell debris. From day 3 pi, viral antigen (Vp73) was detected in few circulating
monocytes present within the glomerular capillaries. However, until day 5 pi, the viral
antigen was not detected in any renal structure. From this day, along with a significant
increase in monocytes with signs of viral infection within glomerular capillaries, the viral
antigen was also detected in circulating monocytes within interstitial capillaries, as well
as in macrophages of the interstitial infiltrates present in the cortex and medulla. The
number of these cells immunolabelled against the viral antigen increased as the disease
progressed. Only at day 7 pi, endothelial cells of some interstitial capillaries located in
the cortex and medulla appear to be immunolabelled against the viral antigen. In parallel
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with the detection of the first circulating infected cells at day 3 pi, in both interstitial and
glomerular capillaries, as well as in the interstitium, there was an increase in the number of
cells marked against SWC3 (monocytes-macrophages). However, only in the interstitium
was the increase of SWC3 positive cells significant from day 5 pi onwards, continuing until
the end of the experiment at day 7 pi [142,143].

Additionally, in parallel to the detection of the first infected cells in the kidney, there
was an increase in the number of monocytes and macrophages immunolabelled against TNF,
IL-1α and IL-6, cytokines with a well-known synergic effect on the vascular system [144].
Such an increase was significant from day 5 pi, peaking at day 6 pi and decreasing slightly
at day 7 pi. This highlighted the presence of numerous scattered interstitial macrophages
immunolabelled against TNF, IL-1α and IL-6 in the cortex and medulla, as well as the
presence of clusters of immunolabelled cells in the nearby of interstitial capillaries. The
presence of a lower but important number of circulating monocytes immunolabelled
against TNF and IL-1α within interstitial capillaries was also remarkable, with these
marked cells being frequently observed in close contact with capillaries endothelial cells.
Additionally, occasionally at day 6 and 7 pi, interstitial capillaries’ endothelial cells appeared
immunolabelled against TNF and IL-6. Therefore, these results would confirm that when
renal hemorrhages were present (day 5 pi), interstitial capillaries’ endothelial cells did not
display any sign of viral infection, ruling out virus replication in endothelial cells as the
main cause of hemorrhages and edemas. Results would also confirm the role played by
cytokines released by activated macrophages (infected and non-infected) in the nearby
interstitial capillaries in the mechanisms involved in the activation and disruption of
endothelial cells, as well as in the appearance of interstitial hemorrhages and edemas,
relegating to a secondary and late role the direct action of ASFV [142,143].

3.5. Cytokines Gene Expression after Immunization or Infection with ASFV

Other studies carried out over the course of infections (natural or experimental) or
immunizations with vaccine candidates against ASFV have also implemented molecular
and/or immunological techniques to evaluate cytokines in tissue samples and their role in
the mechanisms of immune regulation and immune protection.

In order to understand the cooperative mechanisms and the response processes of
various tissues in pigs after ASFV infection, a retrospective study was carried out in tissue
samples (including the lung, spleen, liver, kidney and lymph nodes) collected in China from
three pigs found dead in the field, where the upregulation and downregulation of genes
was evaluated using transcriptomic and proteomic analyses. The genotype II virulent SY-18
isolate was identified by qPCR as responsible for the pigs’ disease. The results showed that
pig tissues cooperated in response to ASFV infection and coordinated a defense against
the virus in the form of an inflammatory cytokine storm and interferon activation (type I
and III). After virus infection, results suggested an important role in the response of lungs,
lymph nodes and the spleen, mainly focused on the innate immune response pathway and
energy metabolism regulation, while the liver and kidney were focused on the metabolic
regulatory pathway and the inflammatory response [145].

On the other hand, to evaluate the role played by cytokines in the immune-protective
mechanisms induced by the multigene family (MGF) and CD2v gene-deleted ASF vac-
cine candidate HLJ/18-7GD (constructed from the highly virulent ASFV strain HLJ/18 of
genotype II), the relative gene expression of a panel of cytokines (IL-1α, IL-1β, IL-6, TNF,
IL-12, IL-18, IFN-γ, IL-4, IL-10 and IFN-α) was evaluated by RT-qPCR in different tissue
samples. Tissue samples (spleen, tonsils, thymus, submaxillary, gastrohepatic and mediasti-
nal lymph nodes) were taken at day 28 post-immunization from SPF pigs (6–7 weeks old)
intramuscularly immunized with a dose of 106 TCID50. The same analysis was also per-
formed on tissue samples taken from non-immunized control pigs. Results revealed that
the relative gene expression of some of these cytokines (IFN- γ, IL-1α, IL-1β, IL-6, IL-10,
IL-12 and IL-18) was upregulated in the lymph nodes of immunized pigs compared to
those taken from non-immunized control animals. However, the relative gene expression
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of TNF was upregulated in all lymphoid organs of non-immunized control pigs regarding
pigs immunized with HLJ/18-7GD. It was suggested that the reactivity and lymphocytic
proliferation observed in the lymph nodes of immunized pigs would be linked to the upreg-
ulation of the cytokines’ gene expression observed, pointing to HLJ/18-7GD as an effective
vaccine candidate able to enhance immune-protective mechanisms regulated throughout
these cytokines [18].

RT-qPCR was also employed by Lacasta and colleagues to investigate the expression
of cytokines and other key immune genes representative of Th1, Th2 and Th17 responses
in the gastrohepatic lymph nodes of ASFV-infected pigs. In detail, researchers investigated
the expression of these genes in animals infected either with the virulent E75, or its derived
culture adapted strain E75CV1, alongside control pigs [88]. At 1 dpi, ten genes were
significantly modulated in gastrohepatic lymph nodes of E75CV1-infected pigs, whereas
only four genes were upregulated in the group of pigs infected with E75 isolate. At 7 dpi,
ten genes were modulated in the E75CV1-group: six upregulated (IFN-γ, IL-5, TNF, TGF-
βR1, IL-21, IL-23) and four downregulated (DEFβ2, CD163, IL-13, IL-18). Few genes
were modulated at 31 dpi in gastrohepatic lymph nodes from animals that survived after
infection with the culture-adapted strain E75CV1: three upregulated (IFN-γ, IL-23, NFκβ)
and two downregulated (IL-1β, IL-4). On the contrary, at 7 dpi, several pro-inflammatory
cytokines were fiercely upregulated in organs of the E75-infected pigs (IL5, IL-6, IL-8,
IL-1β, IL-21, IL-23), as well as IL-10 and two other key immune genes (DEFβ2, TLR3). This
unbalanced immunological activation was related to severe ASF clinical signs and preceded
the fatal outcome of animals infected with this virulent isolate [88].

Upregulation of pro-inflammatory cytokine genes was also observed in the spleen of
pigs infected with high doses of the genotype IX virulent isolate Ken12/busia.1 [146]. In
detail, groups of pigs were immunized with high (106), medium (104) or low doses (102) of
Ken12/busia.1 alongside an uninfected control group, and clinical signs were monitored
until day 29 pi. Pigs belonging to the high-dose or medium-dose group displayed ASF
clinical signs and were euthanized once they reached a humane endpoint, between day
7 and 17 pi. On the contrary, pigs belonging to the low-dose group and control pigs did
not show ASF clinical signs and were killed at the end of the experiment (29 dpi). Spleens
were collected after death and RNA-seq analysis revealed a marked association with severe
ASF pathogenesis (especially in the high-dose group) with the upregulation of several pro-
inflammatory interleukins (especially IL-6 and IL-17), chemokines (CCL2, CCL4, CXCL2,
CXCL10) and VEGFA [146]. These results support the hypothesis that the massive release
of pro-inflammatory cytokines is not a sign of a coordinated immune response, but rather
evidence of an aberrant “cytokine storm” which is related to ASF pathogenesis.

In other recent study, a recombinant ASFV mutant, ASFV-D9L/D7R, bearing combi-
national deletions of MGF360-9L and MGF505-7R, was constructed from the genotype II
virulent isolate CN/GS/2018 currently circulating in China. One-month-old Large White-
Duroc crossbred pigs immunized intramuscularly with a high dose of 104 HAD50 of the
mutant remained clinically healthy without any serious side effects. During the challenge
with a lethal dose (102 HAD50) of the homologous virulent isolate CN/GS/2018, vaccinated
pigs (5/6) were protected and clinical indicators tended to be normal until the end of the
experiment at day 18 post-challenge (pc), while all within-pen contact pigs (4/4) displayed
clinical signs and pathological findings consistent with ASF, being euthanized between
day 7–8 pc. Results revealed that the two deletions in the mutant not only synergized in
boosting a more pronounced interferon response and higher expression of inflammatory
and innate immune genes ex vivo, but also elicited an ASFV-specific IFN-γ response to-
gether with a p30-specific IgG response, which coincided with protective efficacy. Using
immunohistochemical techniques on spleen samples taken at study termination from both
protected immunized and non-protected pigs, T-cell responses were also evaluated in vivo.
Results revealed a strong IFN-γ immunostaining in spleen samples from immunized ani-
mals that survived until the end of the experiment, along with an increased frequency of
CD4+ T cells coupled with high levels of CD163+ infiltration of macrophages. Instead, the
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number of cells immunolabelled against these immunological markers was much lower in
spleen samples from non-protected contact pigs [147].

Finally, in a recent published study Bosch and colleagues employed single cell RNA-
sequencing (scRNA-seq) to characterize immune responses against the deleted mutant
BA71∆CD2. This candidate vaccine conferred dose-dependent cross-protection against
direct-contact challenge with pigs infected with the genotype II virulent isolate Geor-
gia2007/1 and that protection was associated with ASFV-specific IFNγ-secreting cells (as
reported in Section 2.8.2 (b) of this review). Data from lymph node cells revealed that genes
upregulated in all cell subsets were enriched in terms related to IFN-I and IFN-γ responses.
Several cell populations were significantly overrepresented in lymph node cells from the
vaccinated pig Interestingly, the proinflammatory CXCL10 chemokine was strongly upreg-
ulated in plasmablasts, in the undefined CD4+ T cell subset and in cross-presenting DCs,
thus further validating the induction of a Th1-biased recall response. In the sample from
the vaccinated pig, cytotoxic T lymphocytes showed downregulation of CCR7 and CXCR4,
a hallmark of differentiation to effector CD8 T cells [79].

4. General Summary and Main Conclusions

Overall, this review summarizes the current knowledge of ASFV’s impact on different
cytokines levels, either at systemic or tissue level. Infection with virulent ASFV isolates often
results in an exacerbated immune response, associated with elevated serum levels of pro-
inflammatory cytokines (IL-1α, IL-1β, IL-6, TNF, CCL2, CCL5 and CXCL10) [12,13,16–18,34,94].

Increased levels of IL-1Ra, a receptor antagonist released to mitigate the pro-inflammatory
effect of IL-1, concomitant with low serum values of different pro-inflammatory cytokines
(IL-1α, IL-1β, IL-2, IL-6, IL-18, CXCL8) correlated with reduced mortality after infection with
moderately virulent ASFV isolates [17,18,24]. These results suggest that IL-1Ra may play an
important role in the immunopathology of ASF and point to the importance of monitoring
the IL-1Ra/IL-1 ratio during experimental studies with ASFV.

Increased serum values of both type I IFN [12,17,55,70,72] and IL-10 [12,15,17,55,56,59]
were also observed in domestic pigs infected with virulent ASFV isolates and seem to be
negatively correlated with animal survival.

Different studies also suggested that increased circulating levels of IFN-γ were not
correlated with protection of domestic pigs [15,19,21,22,35,59,72]. On the contrary, corre-
lation between virus-specific IFN-γ-producing cells and pig protection was described in
other studies [54,77–79]. It has been also suggested that IFNγ-dependent activation of
innate immunity during the recall response to ASFV, as well as a broad cytotoxic response
during the first hours of infection, are critical immune components for protection against
ASFV [79]. Future studies should elucidate whether protection is related to IFN-γ release
by specific cell types as well as the possible role of other immunomodulatory cytokines.

Among the cytokines evaluated in lymphoid tissues during acute ASF, whose main
source was monocyte–macrophages, in most of the lymphoid structures evaluated, TNF
was pointed to as the main factor responsible for lymphocyte apoptosis, with IL-1β and
IL-6 also playing a critical role by inducing a synergistic effect [13,14,134]. These cytokines
would also be involved in the mechanisms responsible for inflammatory lesions in the
liver [135] and kidneys [143], as well as in the alteration of vascular permeability responsible
for pulmonary edema [140] and the disruption of endothelial cells as a cause of interstitial
hemorrhages in kidney and lymph nodes [13,14,143].

The “out of control” cytokine release, also called “cytokine storm”, has been described
in other diseases, including hemorrhagic fevers such as caused by viruses such as Mar-
burg, Ebola, Yellow fever, Lassa or Dengue, and was associated with threatening damage
to tissues and organs [148,149]. A positive feedback loop between cytokine release and
cell death was also described, with cytokine release triggering inflammatory cell death
with subsequent further pathogenic cytokine production [148]. Similar mechanisms might
underlie the “out of control” cytokine storm during acute ASFV infection. In this sce-
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nario, treatments finalized at dampening the pro-inflammatory signal might improve
clinical outcomes [148].

Finally, analyzing temporal events in infected tissues during natural transmission with
virulent and attenuated strains, and in immune and non-immune animals, is critical to
understanding disease pathogenesis and immune response. The ASF research community
should take advantage of recent technological advances (e.g., genomics, proteomics, tran-
scriptomic) to better understand the immunopathogenic mechanisms of ASFV in order to
generate information that will help the global fight against this devastating virus through
the development of new vaccines or treatments.
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