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Abstract

:

Simple Summary


Immune evasion is a prerequisite for successful viral infection, and viral proteins involved in regulating host antiviral innate immunity have always been the molecular targets for the development of novel African swine fever virus (ASFV) vaccines. To monitor potential virulent and immunoregulatory factors, we summarized the research progress on ASFV regulating host inflammatory and innate immune responses, which will be helpful for the research of vaccines and antiviral drugs against African swine fever (ASF).




Abstract


African swine fever (ASF), caused by African swine fever virus (ASFV), is a highly contagious and fatal disease found in swine. However, the viral proteins and mechanisms responsible for immune evasion are poorly understood, which has severely hindered the development of vaccines. This review mainly focuses on studies involving the innate antiviral immune response of the host and summarizes the latest studies on ASFV genes involved in interferon (IFN) signaling and inflammatory responses. We analyzed the effects of candidate viral proteins on ASFV infection, replication and pathogenicity and identified potential molecular targets for novel ASFV vaccines. These efforts will contribute to the construction of novel vaccines and wonder therapeutics for ASF.
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1. Introduction


African swine fever (ASF) is a highly contagious swine disease caused by African swine fever virus (ASFV), and it is characterized by a high fever, hemorrhaging, ataxia and depression [1,2]. After its first description in Kenya in 1921, ASF has broken out through Africa, Europe, South America, Latin America and Asia. ASF outbreaks have caused great economic losses and severely threatened the development of the pig industry worldwide. However, effective vaccines for ASF are not currently available. The prevention and control of ASF represents a major strategic need that must be addressed [3]. The pathogenesis of ASFV and the balance between the virus and its host directly determine the available strategies for ASF vaccine development. However, large gaps in the knowledge on viral proteins and the mechanisms responsible for regulating the host innate immune system have severely hindered further insights [4].



Nonetheless, a series of studies have been carried out on genetically engineered vaccines for ASF, including recombinant live attenuated vaccines (LAVs) and single-cycle vaccines [5]. BA71ΔCD2v, derived from the BA71 strain, lacks the CD2-like gene (CD2v), and it can protect the pigs from death after lethal challenge with its parental strain and heterologous strain [6]. HLJ/18-7GD, a seven-gene-deleted LAV, is fully attenuated in pigs and prevents the pigs from dying after lethal ASFV challenge [7]. However, reports on “field-isolated mutant virus” infections in pig farms in China have been increasing since early 2020. Due to the inconspicuous symptoms and relatively low viral titers of such infections, these attenuated ASFV strains with gene deletion or mutation are becoming a new source of pollution and infection, which greatly increases the complexity of ASF prevention and control in China [8]. Viral infection represents a battle and balance between the virus and its host, and the innate antiviral immunity is the first line of host defense against viral infection [9]. Thus, successful immune evasion is the first step. Interferon (IFN) and inflammatory responses, the major components of the antiviral innate immunity, play significant roles in ASFV infection and pathogenesis [10,11]. Consequently, viral proteins involved in immunoregulation are the main targets for antiviral agents and novel vaccines development; therefore, the mechanisms of ASFV immune evasion must be deciphered for the rapid and efficient development of ASF vaccines.




2. Overview of African Swine Fever Virus


Up to now, ASFV is the only reported member of the genus Asfivirus in the family Asfarviridae [12]. Similar to other nucleocytoplasmic large DNA viruses (NCLDVs), the genomes of this “normal” double-stranded DNA (dsDNA) virus vary in length from 170 to 190 kilobase pairs. Cytoplasm-replicated ASFV encodes more than 150 open reading frames (ORFs), which enable genome replication, transcription, translation, assembly, and immune escape [13,14]. Meanwhile, this “unique” large DNA virus ASFV possesses a five-layered structure and icosahedral morphology from other NCLDVs [1,15]. The core of viral particles is a nucleoid formed by the viral genome and proteins responsible for genome replication, transcription and repair. The core shell externally, which is formed from orderly arranged proteins, is encapsulated by the inner envelope and icosahedral capsid. The external envelope outmost forms from the plasma membrane during its budding [16].



Thus far, the available data have shown that ASFV mainly infects and replicates in porcine monocytes, macrophages, endothelial cells and renal tubular epithelial cells [17]. After invading cells via macropinocytosis or clathrin-mediated endocytosis [18,19], ASFV uncoating occurs, and it escapes from endosomes when its inner membrane fuses in the endosomal membrane. The viral core then migrates to the perinuclear viral factory through the microtubule system and initiates viral replication [20,21,22].



Studies confirmed that p72, p54, p30 and CD2v are major immunogens of ASFV. The inoculation of CD2v protein expressed in vitro may provide partial protection against infection by homologous virulent strains [23]. Certain proteins can induce neutralizing antibodies, including p30, p54, and p72, although they fail to protect pigs from virulent ASFV challenge. The deletion of DP71L, DP96R, B119L or DP148R significantly attenuated viral virulence and showed protective effects against infection by virulent ASFV strains [24,25]. Therefore, the biological functions of multiple ASFV-encoded proteins must be clarified to decipher the mechanism of proteins responsible for immune escape. Such findings will lay a solid theoretical foundation and provide insights for the development of novel ASF vaccines.




3. ASFV Regulation of Innate Immune Response


Antiviral innate immune and inflammatory responses are the first line of host defense against viral infection. These responses are initiated once the conserved viral structural components called pathogen-associated molecular patterns (PAMPs) are sensed by the pattern recognition receptors (PRRs) of host cells [26]. The sensing of viral PAMPs by PRRs activates signaling cascade, which is followed by the transcription and synthesis of antiviral effectors, including IFNs and proinflammatory cytokines [27,28]. These effector proteins play crucial roles in both innate and adaptive immune responses. For example, the maturation and activation of antigen-presenting cells are triggered by innate immunity and can further promote the adaptive immune system to effectively clear the invading viruses [29].



Nucleic acids are the most important viral PAMPs, and can be sensed by several PRRs, including members of the Toll-like receptor (TLR) family, RIG-I-like receptors (RLRs), and cyclic GMP-AMP synthase (cGAS). PRRs differ in their amino acid sequences, conformational structures and subcellular localizations, and these characteristics ensure that invading viruses can be sensed in a timely and effective manner [9,30]. Upon the binding of their distinct ligands, PRRs initiate downstream signaling events, including the recruitment of adaptor proteins, activation of kinases and transcription factors, which finally leads to the synthesis of antiviral effectors [31].



However, despite this extremely sophisticated antiviral immune system, ASFV has ravaged the pig industry worldwide for many years, which indicates that ASFV has created a relatively complete system of immune evasion that is on balance with its hosts. Multiple proteins encoded by the large genome of ASFV lay the foundation for effective infection, replication and complex immune escape. In recent years, a small number of ASFV proteins participated in the subversion of the host antiviral innate immunity have been identified. In this review, we mainly focus on the molecular mechanisms of the ASFV-regulated cGAS stimulator of IFN genes (STING), Janus kinase signal transducers and activators of transcription (JAK-STAT) signaling pathways, as well as inflammatory responses. We aim to summarize the research status of ASFV immune evasion and provide novel targets for the development of protective vaccines against ASF.



3.1. Regulation of ASFV on cGAS-STING Pathway


After internalization, the dsDNA of ASFV is mainly recognized by the cytoplasmic DNA sensor cGAS [16,32]. In uninfected cells, cGAS exists in the cytoplasm as monomers without DNA-binding or enzymatic activity [33]. After recognizing and binding DNA, cGAS catalyzes the synthesis of cyclic GMP-AMP (cGAMP) from ATP and GTP. As a second messenger, cGAMP in turn associates with and activates the adaptor STING, which further translocates to the ER-Golgi intermediate compartment (ERGIC) and recruits TBK1 and IRF3. Next STING and IRF3 are phosphorylated by TBK1, followed by the nuclear transport of dimerized IRF3 and the transcription of type I IFNs [34,35].



Studies have demonstrated that ASFV triggers the production of IFN-β at 4 dpi in pigs, and IFN treatment can significantly inhibit ASFV replication in vitro and in vivo [36,37], which not only provides a new strategy for the prevention of ASF, but also indicates the critical role of IFN in the pathogenesis of ASFV. The ASFV OUR T88/3 strain, which lacks partial genes from MGF360 or MGF505, induces higher levels of type I IFN than the parent strain [38,39], thus indicating that MGF360 and MGF505 members are involved in regulating IFN expression. Consistently, the IFN-β levels in ASFV Armenia/07 virulent strain infection cells are lower than those of uninfected cells, while the ASFV NH/P68-attenuated strain activates the cGAS-STING axis early after viral infection, followed by a high level of IFN-β expression [32].



Apart from differences in the regulation of IFN expression between different strains, members of the ASFV MGF family also participate in directly regulating the production of IFN. A276R, a member of MGF360, impairs IFN-β induction in an IRF3-dependent manner. However, the detailed process underlying this inhibition remains to be further explored [40]. MGF360-12L can significantly inhibit the poly (I:C)-triggered activation of the host immune response. Mechanistically, MGF360-12L impairs the interaction between importin α and NF-κB and inhibits the nuclear translocation of p65, leading to the reduced activation of host antiviral response [41].



Early-expressed MGF505-7R is an important inhibitor of the cGAS-STING pathway, and MGF505-7R-deficient ASFV induces a higher type I IFN production and displays relatively weaker virulence in piglets than wild-type ASFV. Mechanistically, MGF505-7R interacts with STING and impairs the expression of STING by upregulating the autophagy-related protein ULK1. In addition, MGF505-7R can interact with IRF3 and IKKα to block the nuclear translocation of IRF3 and NF-κB, which is followed by reduced IFN-β and proinflammatory cytokine production [42,43]. Moreover, MGF505-7R also functions by interacting with and degrading IRF7 and TBK1 via the autophagy, cysteine and proteasome pathways [44].



The ectopic expression of MGF505-11R disturbs cGAS-STING-mediated immune responses. MGF505-11R specifically binds to STING and degrades STING via the lysosomal, ubiquitin–proteasome and autophagy pathways [45]. Additionally, MGF360-11L inhibits IFN-I production by associating with TBK1 and IRF7, which is followed by the degradation of TBK1 and IRF7 via the cysteine, ubiquitin–proteasome and autophagy pathways [46]. MGF360-14L binds to E3 ubiquitin ligase TRIM21, and facilitates the K63-linked ubiquitination of IRF3, thereby destabilizing IRF3 and inhibiting the type I IFN production [47].



Along with MGF members, recent studies indicated that other ASFV proteins, especially structural proteins, also participate in regulating the cGAS-STING pathway. Overexpressed CD2v can significantly induce the NF-κB-dependent transcription of IFNs and downstream antiviral genes in PK15 cells or porcine peripheral blood mononuclear cells and macrophages, which can be counteracted by treatment with CD2v antibody or NF-κB inhibitor. Thus, ASFV may activate the NF-κB and IFN pathways via CD2v in porcine lymphocytes and macrophages [48].



The capsid proteins of ASFV, E120R and M1249L are involved in regulating ASFV immune evasion. E120R inhibits cGAS-STING-mediated immune response by targeting IRF3. The phosphorylation of IRF3 is impaired due to the binding of E120R to its C-terminal domain, which disturbs the recruitment of IRF3 to TBK1, thus leading to the reduced production of IFNs [49]. M1249L is also associated with IRF3, which significantly inhibits the cGAS-STING pathway by inducing IRF3 degradation via the lysosomal pathway [50]. S273R, an ASFV core shell protein, is also involved in regulating the expression of IFN and ISGs. S273R interferes with the association between IKKε and STING, and it functions in an enzyme-catalytic-activity-dependent manner [51]. In addition, S273R also works by inhibiting the expression of the antiviral effector FoxJ1, which mainly functions by targeting ASFV MGF505-2R and E165R and activates cGAS-STING-initiated immune responses [52]. ASFV inner envelope protein E248R inhibits cGAS-STING-mediated innate immunity by inhibiting STING expression, while the detailed mechanism remains unclear [53].



Interestingly, EP364R and C129R, two proteins encoded by ASFV, are homologous with nuclease. They can interact with and cleave cGAMP in a phosphodiesterase activity-dependent manner, thus subverting cGAMP-mediated IFN signaling. Moreover, EP364R competitively combines with cGAMP, leading to the blockage of the interaction between cGAMP and STING, further enhancing its ability to antagonize the host antiviral innate immune response [54]. I226R can impair antiviral responses through the suppression of NF-κB and IRF3 activation. An ASFV mutant with the deleted I226R gene is dramatically attenuated and able to protect the pigs from death due to challenge with a homologous virus [55,56].



Studies have found that the attenuated A137R-deficient ASFV can provide protection against its parental strain ASFV Georgia 2010 challenge [57]. Compared with Georgia 2010, the A137R-deficient ASFV induces robust expression of type I IFN in primary porcine alveolar macrophages (PAMs). In-depth research shows that A137R interacts with TBK1 and promotes the autophagy-mediated lysosomal degradation of TBK1, thus leads to the inhibition of cGAS-STING-mediated immune response [58]. Current research also demonstrates that the ASFV early-transcription gene DP96R and late-transcription gene E2 ubiquitin-binding enzyme I215L can inhibit the production of type I IFN by targeting TBK1 [59,60]. Early-expressed E301R inhibits the activation of cGAS-STING pathway by interacting with IRF3 and impairing the nuclear translocation of IRF3 [61], while the roles of DP96R, I215L and E301R in ASFV-infected pigs need to be further studied.



Taken together, in addition to MGF family, multiple proteins of ASFV are involved in determining the virulence of ASFV (Figure 1). Meanwhile, it is can be easily observed that more than half of the studies are performed at the protein level, the mechanisms of which remain unclear. Vaccines lacking one or several genes may be attenuated to some extent and provide partial protection. In other words, vaccines that simply delete MGF family members or candidates could not provide pigs with a virulent viral challenge. Therefore, other ASFV-encoded proteins playing vital roles in the immune escape of ASFV need to be urgently identified, as this will be of great significance for the construction of new vaccines against ASF.




3.2. Regulation of ASFV on JAK-STAT Pathway


The first line of defense against viral infections is mediated by IFNs, which can be grouped into three types: type I IFN (mainly IFN-α/β), type II IFN (IFN-γ) and type III IFN (IFN-λ) [62,63,64]. The canonical JAK-STAT pathway is initiated by the binding of IFNs to their cognate cell surface receptors, which are then brought into close spatial proximity with JAKs (JAK1, JAK2, JAK3, and TYK2), phosphorylate IFN receptors, and STATs (STAT1 and STAT2). Next, phosphorylated STAT1 and STAT2 interact with IRF9 to form the heterotrimer IFN-stimulated gene factor (ISGF) 3. Subsequently, ISGF3 enters the nucleus to initiate ISG transcription [10,65]. Many ISGs restrict the spread of viruses by directly targeting virus infection and replication, such as transcription and translation, to effectively eliminate invading viruses [66,67].



It has been well-studied that replication of ASFV is notably impaired by treatment with IFNs. In turn, infection with both virulent and attenuated strains interferes the expression of ISGs induced by IFN though targeting the JAK/STAT pathway. Viral infection impairs the nuclear translocation of the ISGF3 complex, and causes the degradation of STAT2 and cleavage of STAT1, further suggesting the importance of inhibiting this pathway for successful viral replication. Thus, insights into the IFN antagonistic properties of ASFV may be helpful for exploring new strategies to eliminate this plaguing disease [68,69].



As a multifunctional protein, MGF505-7R also antagonizes the activation of IFN downstream signaling. MGF505-7R can promote the degradation of JAK1 and JAK2 by upregulating the expression of E3 ubiquitin ligase RNF125 and inhibiting the expression of Hes5, respectively, thus leading to the inhibition of the IFN-induced JAK-STAT signaling pathway activation. Compared with wild-type ASFV, MGF505-7R-deficient ASFV induces higher levels of IRF1 in both PAMs and swine. The replication ability, virulence and pathogenicity of mutant viruses are significantly reduced [70]. MGF360-9L interacts with STAT1 and STAT2 and inhibits the activation of IFN signaling pathway by inducing the degradation of STATs via the ubiquitin–proteasome pathways. The virulence of 360-9L-deficient ASFV is partially weakened, which indicates that MGF360-9L is one key virulence gene of ASFV [71].



Moreover, I215L is also involved in subverting JAK-STAT signaling pathway. Mechanistically, I215L interacts with IRF9 for autophagic degradation in a ubiquitin-conjugating activity-independent manner [72]. Altogether, the antagonistic ability of ASFV against IFN is closely related to its pathogenicity, and further exploration of ASFV immune evasion strategies in the cGAS-STING and JAK-STAT pathway will facilitate the cognization on ASFV pathogenesis, and provide insights into the construction of novel vaccines against ASF. For example, MGF505-7R may be a promising novel target for the development of ASFV-attenuated vaccines based on its central role in immune evasion and pathogenesis of ASFV.




3.3. Regulation of ASFV on Inflammatory Response


In addition to IFNs and ISGs, ASFV infection can also induce the secretion of the proinflammatory cytokines, the tumor necrosis factor (TNF)-α, IL-1β, IL-6, and IL-8 [73]. Previous studies demonstrated that elevated levels of TNF-α play important roles in the pathogenesis of ASF owing to its proinflammatory, proapoptotic and procoagulant profile [14,74]. As major components of host antiviral innate immunity, TNF-α and IL-1β play central roles in the control of the replication of many viruses, such as the classical swine fever virus [75] and Japanese encephalitis virus [76]. NF-κB activation is a hallmark following TNFα and IL-1β stimulation. Once the plasma membrane-anchored receptors (TNF receptor 1 (TNFR1) or IL-1 receptor (IL-1R)) bind to their respective ligands, they recruit and activate adaptors and kinases, including TNFR-associated death domain protein (TRADD), myeloid differentiation primary response 88 (MyD88), TGF-β-activated kinase 1 (TAK1), TAK1-binding protein (TAB) 2 and TAB3, and IκB kinase (IKKβ) [77,78]. Following the phosphorylation and degradation of IκBα, the transcription factor NF-κB is released and translocated to the nucleus, thus leading to the production of various cytokines and subsequent inflammatory responses [79,80].



Recently, several ASFV proteins that regulate NF-κB activation have been identified (Figure 2). The early expressed protein L83L specifically associates with IL-1β; however, the deletion of the L83L gene only slightly affects the virulence of ASFV [81]. Moreover, the early-expressed A238L is a homolog of NF-κB inhibitor IκB, and it can inhibit NF-κB activation and regulate the expression of proinflammatory cytokines in cells. However, in vivo and in vitro studies have shown that A238L-deficient viruses exhibit inapparent differences in the growth characteristics, virulence, and pathogenicity to its parental strains [82,83,84,85].



I215L is also involved in modulating inflammatory responses. Ectopic expression of I215L inhibits NF-κB activation by targeting IKKβ or its upstream responses [86]. Moreover, F317L is also associated with IKKβ and suppresses its activation, which subsequently leads to the enhancement of IκBα stabilization and blocks the activation of NF-κB. This results in the decreased expression of various proinflammatory cytokines and increased viral replication efficiency [87]. The infectious progeny viral titers of H240R-deficient ASFV are significantly reduced. Importantly, H240R affects ASFV assembly and recombinant ASFV infection induces high levels of expression of inflammatory cytokines in PAMs. This suggests that H240R may be involved in the antagonism of the host inflammatory responses [88].



In summary, the deletion of a single ASFV gene involved in the inflammatory response does not appear to affect viral virulence and pathogenicity, indicating that multiple proteins encoded by ASFV are related to the viral-infection-induced inflammatory response, and they function in a coordinated manner. Further in-depth studies on the mechanisms underlying the regulation of inflammatory responses by ASFV are urgently needed and may be helpful for understanding this devastating disease.





4. Conclusions


Vaccines are the primary tools for the prevention and control of viral diseases in animals. Pigs that recover after infection with ASFV may be resistant to this disease, which provides the possibility for ASF vaccines. However, clear breakthroughs have not been made in this area despite several attempts, including inactivated vaccines, recombinant subunit vaccines, DNA vaccines, and live attenuated vaccines. To date, no commercial ASF vaccines have been developed. The major difficulty of ASF vaccine development is the limited understanding of the molecular mechanisms of complex ASFV proteins and host antiviral responses.



As a first-line of host defense against viral infection, the innate immune response is characterized by rapid, non-specific and universal responses. IFNs plays crucial roles in preventing the rapid propagation and spread of ASFV in the early stages of infection. Proinflammatory cytokines, including TNF-α and IL-1β, can be robustly induced after viral infection. They can be sensed by their respective receptors and induce the production of downstream inflammatory genes, thus leading to the activation of inflammatory responses. However, studies show that ASFV infection significantly impairs the activation of host antiviral responses.



ASFV encodes more than 150 ORFs, and previous studies have shown that multiple proteins, including A238L, DP96R, MGF360, MGF505-7R and A276R, are involved in promoting viral replication by regulating the innate immune and inflammatory responses during ASFV infection. Nevertheless, studies have proved that a single-candidate gene deletion hardly affects the virulence and pathogenicity of ASFV. Undoubtedly, characterizing the immune evasion and pathogenesis of ASFV is only the first step. Comprehensively elucidating the delicate balance between the regulation of the innate immune response by ASFV and the pathogenic process of viral infection represents an important theoretical basis for the development of ASF vaccines. The deletion of several or a small number of ASFV key regulatory genes may be an effective strategy for novel ASF vaccine construction.







Author Contributions


Conceptualization, methodology, W.-R.H. and J.Y.; writing—original draft preparation, W.-R.H., Y.-H.M., C.-Y.Z. and Z.-Y.Y.; writing—review and editing, W.-R.H., J.Y. and B.W.; supervision, Y.Z., S.H., B.W. and G.-P.Z.; funding acquisition, W.-R.H., S.H., B.W. and G.-P.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This article has been supported by the National Natural Science Foundation of China (32102655, 32272987, 31941001 and 32002278) and the Key R&D Program of Henan Province (212102110369).




Institutional Review Board Statement


Not applicable. This is a literature review, so it did not involve human or animal experiments.




Informed Consent Statement


Not applicable.




Data Availability Statement


This article is a literature review; therefore, all data described here were obtained from the research cited in the references.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Wang, N.; Zhao, D.; Wang, J.; Zhang, Y.; Wang, M.; Gao, Y.; Li, F.; Wang, J.; Bu, Z.; Rao, Z.; et al. Architecture of African swine fever virus and implications for viral assembly. Science 2019, 366, 640–644. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, D.; Liu, R.; Zhang, X.; Li, F.; Wang, J.; Zhang, J.; Liu, X.; Wang, L.; Zhang, J.; Wu, X.; et al. Replication and virulence in pigs of the first African swine fever virus isolated in China. Emerg. Microbes Infect. 2019, 8, 438–447. [Google Scholar] [CrossRef] [PubMed]

	



Teklue, T.; Sun, Y.; Abid, M.; Luo, Y.; Qiu, H.J. Current status and evolving approaches to African swine fever vaccine development. Transbound. Emerg. Dis. 2020, 67, 529–542. [Google Scholar] [CrossRef] [PubMed]

	



Wang, T.; Sun, Y.; Huang, S.; Qiu, H.J. Multifaceted Immune Responses to African Swine Fever Virus: Implications for Vaccine Development. Vet. Microbiol. 2020, 249, 108832. [Google Scholar] [CrossRef] [PubMed]

	



Wang, T.; Luo, R.; Sun, Y.; Qiu, H.J. Current efforts towards safe and effective live attenuated vaccines against African swine fever: Challenges and prospects. Infect Dis. Poverty 2021, 10, 137. [Google Scholar] [CrossRef] [PubMed]

	



Monteagudo, P.L.; Lacasta, A.; Lopez, E.; Bosch, L.; Collado, J.; Pina-Pedrero, S.; Correa-Fiz, F.; Accensi, F.; Navas, M.J.; Vidal, E.; et al. BA71DeltaCD2: A New Recombinant Live Attenuated African Swine Fever Virus with Cross-Protective Capabilities. J. Virol. 2017, 91, e01058-17. [Google Scholar] [CrossRef]

	



Chen, W.; Zhao, D.; He, X.; Liu, R.; Wang, Z.; Zhang, X.; Li, F.; Shan, D.; Chen, H.; Zhang, J.; et al. A seven-gene-deleted African swine fever virus is safe and effective as a live attenuated vaccine in pigs. Sci. China Life Sci. 2020, 63, 623–634. [Google Scholar] [CrossRef]

	



Zhenzhong, W.; Chuanxiang, Q.; Shengqiang, G.; Jinming, L.; Yongxin, H.; Xiaoyue, Z.; Yan, L.; Naijun, H.; Xiaodong, W.; Zhiliang, W.; et al. Genetic variation and evolution of attenuated African swine fever virus strain isolated in the field: A review. Virus Res. 2022, 319, 198874. [Google Scholar] [CrossRef] [PubMed]

	



Hu, M.M.; Shu, H.B. Cytoplasmic Mechanisms of Recognition and Defense of Microbial Nucleic Acids. Annu. Rev. Cell Dev. Biol. 2018, 34, 357–379. [Google Scholar] [CrossRef] [PubMed]

	



Lukhele, S.; Boukhaled, G.M.; Brooks, D.G. Type I interferon signaling, regulation and gene stimulation in chronic virus infection. Semin. Immunol. 2019, 43, 101277. [Google Scholar] [CrossRef] [PubMed]

	



Ayanwale, A.; Trapp, S.; Guabiraba, R.; Caballero, I.; Roesch, F. New Insights in the Interplay Between African Swine Fever Virus and Innate Immunity and Its Impact on Viral Pathogenicity. Front. Microbiol. 2022, 13, 958307. [Google Scholar] [CrossRef] [PubMed]

	



Alonso, C.; Borca, M.; Dixon, L.; Revilla, Y.; Rodriguez, F.; Escribano, J.M.; Ictv Report, C. ICTV Virus Taxonomy Profile: Asfarviridae. J. Gen. Virol. 2018, 99, 613–614. [Google Scholar] [CrossRef] [PubMed]

	



Gaudreault, N.N.; Madden, D.W.; Wilson, W.C.; Trujillo, J.D.; Richt, J.A. African Swine Fever Virus: An Emerging DNA Arbovirus. Front. Vet. Sci. 2020, 7, 215. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, Y.; Li, S.; Li, S.H.; Yu, S.; Wang, Q.; Zhang, K.; Qu, L.; Sun, Y.; Bi, Y.; Tang, F.; et al. Transcriptome profiling in swine macrophages infected with African swine fever virus at single-cell resolution. Proc. Natl. Acad. Sci. USA 2022, 119, e2201288119. [Google Scholar] [CrossRef] [PubMed]

	



Xian, Y.; Xiao, C. The Structure of ASFV Advances the Fight against the Disease. Trends Biochem. Sci. 2020, 45, 276–278. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Kang, W.; Yang, W.; Zhang, J.; Li, D.; Zheng, H. Structure of African Swine Fever Virus and Associated Molecular Mechanisms Underlying Infection and Immunosuppression: A Review. Front. Immunol. 2021, 12, 715582. [Google Scholar] [CrossRef] [PubMed]

	



Sanchez-Cordon, P.J.; Romero-Trevejo, J.L.; Pedrera, M.; Sanchez-Vizcaino, J.M.; Bautista, M.J.; Gomez-Villamandos, J.C. Role of hepatic macrophages during the viral haemorrhagic fever induced by African Swine Fever Virus. Histol. Histopathol. 2008, 23, 683–691. [Google Scholar] [CrossRef] [PubMed]

	



Hernaez, B.; Alonso, C. Dynamin- and clathrin-dependent endocytosis in African swine fever virus entry. J. Virol. 2010, 84, 2100–2109. [Google Scholar] [CrossRef]

	



Sanchez, E.G.; Quintas, A.; Perez-Nunez, D.; Nogal, M.; Barroso, S.; Carrascosa, A.L.; Revilla, Y. African swine fever virus uses macropinocytosis to enter host cells. PLoS Pathog. 2012, 8, e1002754. [Google Scholar] [CrossRef]

	



Sanchez, E.G.; Perez-Nunez, D.; Revilla, Y. Mechanisms of Entry and Endosomal Pathway of African Swine Fever Virus. Vaccines 2017, 5, 42. [Google Scholar] [CrossRef] [PubMed]

	



Simoes, M.; Freitas, F.B.; Leitao, A.; Martins, C.; Ferreira, F. African swine fever virus replication events and cell nucleus: New insights and perspectives. Virus Res. 2019, 270, 197667. [Google Scholar] [CrossRef] [PubMed]

	



Karger, A.; Perez-Nunez, D.; Urquiza, J.; Hinojar, P.; Alonso, C.; Freitas, F.B.; Revilla, Y.; Le Potier, M.F.; Montoya, M. An Update on African Swine Fever Virology. Viruses 2019, 11, 864. [Google Scholar] [CrossRef] [PubMed]

	



Jancovich, J.K.; Chapman, D.; Hansen, D.T.; Robida, M.D.; Loskutov, A.; Craciunescu, F.; Borovkov, A.; Kibler, K.; Goatley, L.; King, K.; et al. Immunization of Pigs by DNA Prime and Recombinant Vaccinia Virus Boost To Identify and Rank African Swine Fever Virus Immunogenic and Protective Proteins. J. Virol. 2018, 92, e02219-17. [Google Scholar] [CrossRef]

	



Bosch-Camos, L.; Lopez, E.; Rodriguez, F. African swine fever vaccines: A promising work still in progress. Porcine Health Manag. 2020, 6, 17. [Google Scholar] [CrossRef]

	



Zhu, Z.; Chen, H.; Liu, L.; Cao, Y.; Jiang, T.; Zou, Y.; Peng, Y. Classification and characterization of multigene family proteins of African swine fever viruses. Brief. Bioinform. 2021, 22, bbaa380. [Google Scholar] [CrossRef] [PubMed]

	



Hu, M.M.; Shu, H.B. Innate Immune Response to Cytoplasmic DNA: Mechanisms and Diseases. Annu. Rev. Immunol. 2020, 38, 79–98. [Google Scholar] [CrossRef] [PubMed]

	



Akira, S.; Uematsu, S.; Takeuchi, O. Pathogen recognition and innate immunity. Cell 2006, 124, 783–801. [Google Scholar] [CrossRef]

	



Takeuchi, O.; Akira, S. Pattern recognition receptors and inflammation. Cell 2010, 140, 805–820. [Google Scholar] [CrossRef]

	



Janeway, C.A., Jr. Introduction: T-cell:B-cell interaction. Semin. Immunol. 1989, 1, 1–3. [Google Scholar]

	



Yang, Q.; Shu, H.B. Deciphering the pathways to antiviral innate immunity and inflammation. Adv. Immunol. 2020, 145, 1–36. [Google Scholar] [CrossRef] [PubMed]

	



Tan, X.; Sun, L.; Chen, J.; Chen, Z.J. Detection of Microbial Infections Through Innate Immune Sensing of Nucleic Acids. Annu. Rev. Microbiol. 2018, 72, 447–478. [Google Scholar] [CrossRef] [PubMed]

	



Garcia-Belmonte, R.; Perez-Nunez, D.; Pittau, M.; Richt, J.A.; Revilla, Y. African Swine Fever Virus Armenia/07 Virulent Strain Controls Interferon Beta Production through the cGAS-STING Pathway. J. Virol. 2019, 93, e02298-18. [Google Scholar] [CrossRef] [PubMed]

	



Xia, P.; Ye, B.; Wang, S.; Zhu, X.; Du, Y.; Xiong, Z.; Tian, Y.; Fan, Z. Glutamylation of the DNA sensor cGAS regulates its binding and synthase activity in antiviral immunity. Nat. Immunol. 2016, 17, 369–378. [Google Scholar] [CrossRef] [PubMed]

	



Dobbs, N.; Burnaevskiy, N.; Chen, D.; Gonugunta, V.K.; Alto, N.M.; Yan, N. STING Activation by Translocation from the ER Is Associated with Infection and Autoinflammatory Disease. Cell Host Microbe 2015, 18, 157–168. [Google Scholar] [CrossRef] [PubMed]

	



Luo, W.W.; Li, S.; Li, C.; Lian, H.; Yang, Q.; Zhong, B.; Shu, H.B. iRhom2 is essential for innate immunity to DNA viruses by mediating trafficking and stability of the adaptor STING. Nat. Immunol. 2016, 17, 1057–1066. [Google Scholar] [CrossRef]

	



Karalyan, Z.; Zakaryan, H.; Sargsyan, K.; Voskanyan, H.; Arzumanyan, H.; Avagyan, H.; Karalova, E. Interferon status and white blood cells during infection with African swine fever virus in vivo. Vet. Immunol. Immunopathol. 2012, 145, 551–555. [Google Scholar] [CrossRef] [PubMed]

	



Fan, W.; Jiao, P.; Zhang, H.; Chen, T.; Zhou, X.; Qi, Y.; Sun, L.; Shang, Y.; Zhu, H.; Hu, R.; et al. Inhibition of African Swine Fever Virus Replication by Porcine Type I and Type II Interferons. Front. Microbiol. 2020, 11, 1203. [Google Scholar] [CrossRef]

	



O’Donnell, V.; Holinka, L.G.; Gladue, D.P.; Sanford, B.; Krug, P.W.; Lu, X.; Arzt, J.; Reese, B.; Carrillo, C.; Risatti, G.R.; et al. African Swine Fever Virus Georgia Isolate Harboring Deletions of MGF360 and MGF505 Genes Is Attenuated in Swine and Confers Protection against Challenge with Virulent Parental Virus. J. Virol. 2015, 89, 6048–6056. [Google Scholar] [CrossRef]

	



Golding, J.P.; Goatley, L.; Goodbourn, S.; Dixon, L.K.; Taylor, G.; Netherton, C.L. Sensitivity of African swine fever virus to type I interferon is linked to genes within multigene families 360 and 505. Virology 2016, 493, 154–161. [Google Scholar] [CrossRef]

	



Correia, S.; Ventura, S.; Parkhouse, R.M. Identification and utility of innate immune system evasion mechanisms of ASFV. Virus Res. 2013, 173, 87–100. [Google Scholar] [CrossRef]

	



Zhuo, Y.; Guo, Z.; Ba, T.; Zhang, C.; He, L.; Zeng, C.; Dai, H. African Swine Fever Virus MGF360-12L Inhibits Type I Interferon Production by Blocking the Interaction of Importin alpha and NF-kappaB Signaling Pathway. Virol. Sin. 2021, 36, 176–186. [Google Scholar] [CrossRef] [PubMed]

	



Li, D.; Yang, W.; Li, L.; Li, P.; Ma, Z.; Zhang, J.; Qi, X.; Ren, J.; Ru, Y.; Niu, Q.; et al. African Swine Fever Virus MGF-505-7R Negatively Regulates cGAS-STING-Mediated Signaling Pathway. J. Immunol. 2021, 206, 1844–1857. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.; Song, J.; Kang, L.; Huang, L.; Zhou, S.; Hu, L.; Zheng, J.; Li, C.; Zhang, X.; He, X.; et al. pMGF505-7R determines pathogenicity of African swine fever virus infection by inhibiting IL-1beta and type I IFN production. PLoS Pathog. 2021, 17, e1009733. [Google Scholar] [CrossRef] [PubMed]

	



Yang, K.; Xue, Y.; Niu, T.; Li, X.; Cheng, M.; Bao, M.; Zou, B.; Shi, C.; Wang, J.; Yang, W.; et al. African swine fever virus MGF505-7R protein interacted with IRF7and TBK1 to inhibit type I interferon production. Virus Res. 2022, 322, 198931. [Google Scholar] [CrossRef] [PubMed]

	



Yang, K.; Huang, Q.; Wang, R.; Zeng, Y.; Cheng, M.; Xue, Y.; Shi, C.; Ye, L.; Yang, W.; Jiang, Y.; et al. African swine fever virus MGF505-11R inhibits type I interferon production by negatively regulating the cGAS-STING-mediated signaling pathway. Vet. Microbiol. 2021, 263, 109265. [Google Scholar] [CrossRef]

	



Yang, K.; Xue, Y.; Niu, H.; Shi, C.; Cheng, M.; Wang, J.; Zou, B.; Wang, J.; Niu, T.; Bao, M.; et al. African swine fever virus MGF360-11L negatively regulates cGAS-STING-mediated inhibition of type I interferon production. Vet. Res. 2022, 53, 7. [Google Scholar] [CrossRef]

	



Wang, Y.; Cui, S.; Xin, T.; Wang, X.; Yu, H.; Chen, S.; Jiang, Y.; Gao, X.; Jiang, Y.; Guo, X.; et al. African Swine Fever Virus MGF360-14L Negatively Regulates Type I Interferon Signaling by Targeting IRF3. Front. Cell. Infect. Microbiol. 2021, 11, 818969. [Google Scholar] [CrossRef]

	



Chaulagain, S.; Delhon, G.A.; Khatiwada, S.; Rock, D.L. African Swine Fever Virus CD2v Protein Induces beta-Interferon Expression and Apoptosis in Swine Peripheral Blood Mononuclear Cells. Viruses 2021, 13, 1480. [Google Scholar] [CrossRef]

	



Liu, H.; Zhu, Z.; Feng, T.; Ma, Z.; Xue, Q.; Wu, P.; Li, P.; Li, S.; Yang, F.; Cao, W.; et al. African Swine Fever Virus E120R Protein Inhibits Interferon Beta Production by Interacting with IRF3 To Block Its Activation. J. Virol. 2021, 95, e0082421. [Google Scholar] [CrossRef]

	



Cui, S.; Wang, Y.; Gao, X.; Xin, T.; Wang, X.; Yu, H.; Chen, S.; Jiang, Y.; Chen, Q.; Jiang, F.; et al. African swine fever virus M1249L protein antagonizes type I interferon production via suppressing phosphorylation of TBK1 and degrading IRF3. Virus Res. 2022, 319, 198872. [Google Scholar] [CrossRef]

	



Luo, J.; Zhang, J.; Ni, J.; Jiang, S.; Xia, N.; Guo, Y.; Shao, Q.; Cao, Q.; Zheng, W.; Chen, N.; et al. The African swine fever virus protease pS273R inhibits DNA sensing cGAS-STING pathway by targeting IKKepsilon. Virulence 2022, 13, 740–756. [Google Scholar] [CrossRef] [PubMed]

	



Ma, C.; Li, S.; Yang, F.; Cao, W.; Liu, H.; Feng, T.; Zhang, K.; Zhu, Z.; Liu, X.; Hu, Y.; et al. FoxJ1 inhibits African swine fever virus replication and viral S273R protein decreases the expression of FoxJ1 to impair its antiviral effect. Virol. Sin. 2022, 37, 445–454. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Yang, W.; Wen, Y.; Niu, Q.; Yang, J.; Guan, G.; Yin, H.; Zheng, H.; Li, D.; Liu, Z. The E248R protein of African swine fever virus inhibits the cGAS-STING-mediated innate immunity. Chin. J. Biotechnol. 2022, 38, 1837–1846. [Google Scholar] [CrossRef]

	



Dodantenna, N.; Ranathunga, L.; Chathuranga, W.A.G.; Weerawardhana, A.; Cha, J.W.; Subasinghe, A.; Gamage, N.; Haluwana, D.K.; Kim, Y.; Jheong, W.; et al. African Swine Fever Virus EP364R and C129R Target Cyclic GMP-AMP To Inhibit the cGAS-STING Signaling Pathway. J. Virol. 2022, 96, e0102222. [Google Scholar] [CrossRef] [PubMed]

	



Hong, J.; Chi, X.; Yuan, X.; Wen, F.; Rai, K.R.; Wu, L.; Song, Z.; Wang, S.; Guo, G.; Chen, J.L. I226R Protein of African Swine Fever Virus Is a Suppressor of Innate Antiviral Responses. Viruses 2022, 14, 575. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Ke, J.; Zhang, J.; Yang, J.; Yue, H.; Zhou, X.; Qi, Y.; Zhu, R.; Miao, F.; Li, Q.; et al. African Swine Fever Virus Bearing an I226R Gene Deletion Elicits Robust Immunity in Pigs to African Swine Fever. J. Virol. 2021, 95, e0119921. [Google Scholar] [CrossRef] [PubMed]

	



Gladue, D.P.; Ramirez-Medina, E.; Vuono, E.; Silva, E.; Rai, A.; Pruitt, S.; Espinoza, N.; Velazquez-Salinas, L.; Borca, M.V. Deletion of the A137R Gene from the Pandemic Strain of African Swine Fever Virus Attenuates the Strain and Offers Protection against the Virulent Pandemic Virus. J. Virol. 2021, 95, e0113921. [Google Scholar] [CrossRef]

	



Sun, M.; Yu, S.; Ge, H.; Wang, T.; Li, Y.; Zhou, P.; Pan, L.; Han, Y.; Yang, Y.; Sun, Y.; et al. The A137R Protein of African Swine Fever Virus Inhibits Type I Interferon Production via the Autophagy-Mediated Lysosomal Degradation of TBK1. J. Virol. 2022, 96, e0195721. [Google Scholar] [CrossRef]

	



Wang, X.; Wu, J.; Wu, Y.; Chen, H.; Zhang, S.; Li, J.; Xin, T.; Jia, H.; Hou, S.; Jiang, Y.; et al. Inhibition of cGAS-STING-TBK1 signaling pathway by DP96R of ASFV China 2018/1. Biochem. Biophys. Res. Commun. 2018, 506, 437–443. [Google Scholar] [CrossRef]

	



Huang, L.; Xu, W.; Liu, H.; Xue, M.; Liu, X.; Zhang, K.; Hu, L.; Li, J.; Liu, X.; Xiang, Z.; et al. African Swine Fever Virus pI215L Negatively Regulates cGAS-STING Signaling Pathway through Recruiting RNF138 to Inhibit K63-Linked Ubiquitination of TBK1. J. Immunol. 2021, 207, 2754–2769. [Google Scholar] [CrossRef]

	



Liu, X.; Liu, H.; Ye, G.; Xue, M.; Yu, H.; Feng, C.; Zhou, Q.; Liu, X.; Zhang, L.; Jiao, S.; et al. African swine fever virus pE301R negatively regulates cGAS-STING signaling pathway by inhibiting the nuclear translocation of IRF3. Vet. Microbiol. 2022, 274, 109556. [Google Scholar] [CrossRef] [PubMed]

	



Ank, N.; West, H.; Paludan, S.R. IFN-lambda: Novel antiviral cytokines. J. Interferon Cytokine Res. 2006, 26, 373–379. [Google Scholar] [CrossRef] [PubMed]

	



Wei, J.; Guo, W.; Lian, H.; Yang, Q.; Lin, H.; Li, S.; Shu, H.B. SNX8 mediates IFNgamma-triggered noncanonical signaling pathway and host defense against Listeria monocytogenes. Proc. Natl. Acad. Sci. USA 2017, 114, 13000–13005. [Google Scholar] [CrossRef] [PubMed]

	



Schoenborn, J.R.; Wilson, C.B. Regulation of interferon-gamma during innate and adaptive immune responses. Adv. Immunol. 2007, 96, 41–101. [Google Scholar] [CrossRef]

	



Platanias, L.C. Mechanisms of type-I- and type-II-interferon-mediated signalling. Nat. Reviews. Immunol. 2005, 5, 375–386. [Google Scholar] [CrossRef]

	



Schneider, W.M.; Chevillotte, M.D.; Rice, C.M. Interferon-stimulated genes: A complex web of host defenses. Annu. Rev. Immunol. 2014, 32, 513–545. [Google Scholar] [CrossRef]

	



Mazewski, C.; Perez, R.E.; Fish, E.N.; Platanias, L.C. Type I Interferon (IFN)-Regulated Activation of Canonical and Non-Canonical Signaling Pathways. Front. Immunol. 2020, 11, 606456. [Google Scholar] [CrossRef]

	



Riera, E.; Perez-Nunez, D.; Garcia-Belmonte, R.; Miorin, L.; Garcia-Sastre, A.; Revilla, Y. African Swine Fever Virus Induces STAT1 and STAT2 Degradation to Counteract IFN-I Signaling. Front. Microbiol. 2021, 12, 722952. [Google Scholar] [CrossRef]

	



Portugal, R.; Leitao, A.; Martins, C. Modulation of type I interferon signaling by African swine fever virus (ASFV) of different virulence L60 and NHV in macrophage host cells. Vet. Microbiol. 2018, 216, 132–141. [Google Scholar] [CrossRef]

	



Li, D.; Zhang, J.; Yang, W.; Li, P.; Ru, Y.; Kang, W.; Li, L.; Ran, Y.; Zheng, H. African swine fever virus protein MGF-505-7R promotes virulence and pathogenesis by inhibiting JAK1- and JAK2-mediated signaling. J. Biol. Chem. 2021, 297, 101190. [Google Scholar] [CrossRef]

	



Zhang, K.; Yang, B.; Shen, C.; Zhang, T.; Hao, Y.; Zhang, D.; Liu, H.; Shi, X.; Li, G.; Yang, J.; et al. MGF360-9L Is a Major Virulence Factor Associated with the African Swine Fever Virus by Antagonizing the JAK/STAT Signaling Pathway. mBio 2022, e0233021. [Google Scholar] [CrossRef] [PubMed]

	



Li, L.; Fu, J.; Li, J.; Guo, S.; Chen, Q.; Zhang, Y.; Liu, Z.; Tan, C.; Chen, H.; Wang, X. African Swine Fever Virus pI215L Inhibits Type I Interferon Signaling by Targeting Interferon Regulatory Factor 9 for Autophagic Degradation. J. Virol. 2022, 96, e00944-22. [Google Scholar] [CrossRef] [PubMed]

	



Zakaryan, H.; Cholakyans, V.; Simonyan, L.; Misakyan, A.; Karalova, E.; Chavushyan, A.; Karalyan, Z. A study of lymphoid organs and serum proinflammatory cytokines in pigs infected with African swine fever virus genotype II. Arch. Virol. 2015, 160, 1407–1414. [Google Scholar] [CrossRef] [PubMed]

	



Gomez-Villamandos, J.C.; Bautista, M.J.; Sanchez-Cordon, P.J.; Carrasco, L. Pathology of African swine fever: The role of monocyte-macrophage. Virus Res. 2013, 173, 140–149. [Google Scholar] [CrossRef]

	



Liniger, M.; Gerber, M.; Renzullo, S.; Garcia-Nicolas, O.; Ruggli, N. TNF-Mediated Inhibition of Classical Swine Fever Virus Replication Is IRF1-, NF-kappaB- and JAK/STAT Signaling-Dependent. Viruses 2021, 13, 2017. [Google Scholar] [CrossRef]

	



Das, S.; Mishra, M.K.; Ghosh, J.; Basu, A. Japanese Encephalitis Virus infection induces IL-18 and IL-1beta in microglia and astrocytes: Correlation with in vitro cytokine responsiveness of glial cells and subsequent neuronal death. J. Neuroimmunol. 2008, 195, 60–72. [Google Scholar] [CrossRef]

	



Barnabei, L.; Laplantine, E.; Mbongo, W.; Rieux-Laucat, F.; Weil, R. NF-kappaB: At the Borders of Autoimmunity and Inflammation. Front. Immunol. 2021, 12, 716469. [Google Scholar] [CrossRef]

	



Zinatizadeh, M.R.; Schock, B.; Chalbatani, G.M.; Zarandi, P.K.; Jalali, S.A.; Miri, S.R. The Nuclear Factor Kappa B (NF-kB) signaling in cancer development and immune diseases. Genes Dis. 2021, 8, 287–297. [Google Scholar] [CrossRef]

	



Verstrepen, L.; Bekaert, T.; Chau, T.L.; Tavernier, J.; Chariot, A.; Beyaert, R. TLR-4, IL-1R and TNF-R signaling to NF-kappaB: Variations on a common theme. Cell. Mol. Life Sci. CMLS 2008, 65, 2964–2978. [Google Scholar] [CrossRef]

	



Hu, M.M.; Yang, Q.; Zhang, J.; Liu, S.M.; Zhang, Y.; Lin, H.; Huang, Z.F.; Wang, Y.Y.; Zhang, X.D.; Zhong, B.; et al. TRIM38 inhibits TNFalpha- and IL-1beta-triggered NF-kappaB activation by mediating lysosome-dependent degradation of TAB2/3. Proc. Natl. Acad. Sci. USA 2014, 111, 1509–1514. [Google Scholar] [CrossRef]

	



Borca, M.V.; O’Donnell, V.; Holinka, L.G.; Ramirez-Medina, E.; Clark, B.A.; Vuono, E.A.; Berggren, K.; Alfano, M.; Carey, L.B.; Richt, J.A.; et al. The L83L ORF of African swine fever virus strain Georgia encodes for a non-essential gene that interacts with the host protein IL-1beta. Virus Res. 2018, 249, 116–123. [Google Scholar] [CrossRef] [PubMed]

	



Neilan, J.G.; Lu, Z.; Kutish, G.F.; Zsak, L.; Lewis, T.L.; Rock, D.L. A conserved African swine fever virus IkappaB homolog, 5EL, is nonessential for growth in vitro and virulence in domestic swine. Virology 1997, 235, 377–385. [Google Scholar] [CrossRef]

	



Silk, R.N.; Bowick, G.C.; Abrams, C.C.; Dixon, L.K. African swine fever virus A238L inhibitor of NF-kappaB and of calcineurin phosphatase is imported actively into the nucleus and exported by a CRM1-mediated pathway. J. Gen. Virol. 2007, 88, 411–419. [Google Scholar] [CrossRef] [PubMed]

	



Granja, A.G.; Nogal, M.L.; Hurtado, C.; Del Aguila, C.; Carrascosa, A.L.; Salas, M.L.; Fresno, M.; Revilla, Y. The viral protein A238L inhibits TNF-alpha expression through a CBP/p300 transcriptional coactivators pathway. J. Immunol. 2006, 176, 451–462. [Google Scholar] [CrossRef] [PubMed]

	



Granja, A.G.; Sabina, P.; Salas, M.L.; Fresno, M.; Revilla, Y. Regulation of inducible nitric oxide synthase expression by viral A238L-mediated inhibition of p65/RelA acetylation and p300 transactivation. J. Virol. 2006, 80, 10487–10496. [Google Scholar] [CrossRef]

	



Barrado-Gil, L.; Del Puerto, A.; Galindo, I.; Cuesta-Geijo, M.A.; Garcia-Dorival, I.; de Motes, C.M.; Alonso, C. African Swine Fever Virus Ubiquitin-Conjugating Enzyme Is an Immunomodulator Targeting NF-kappaB Activation. Viruses 2021, 13, 1160. [Google Scholar] [CrossRef]

	



Yang, J.; Li, S.; Feng, T.; Zhang, X.; Yang, F.; Cao, W.; Chen, H.; Liu, H.; Zhang, K.; Zhu, Z.; et al. African Swine Fever Virus F317L Protein Inhibits NF-kappaB Activation To Evade Host Immune Response and Promote Viral Replication. mSphere 2021, 6, e0065821. [Google Scholar] [CrossRef]

	



Zhou, P.; Li, L.F.; Zhang, K.; Wang, B.; Tang, L.; Li, M.; Wang, T.; Sun, Y.; Li, S.; Qiu, H.J. Deletion of the H240R Gene of African Swine Fever Virus Decreases Infectious Progeny Virus Production Due to Aberrant Virion Morphogenesis and Enhances Inflammatory Cytokine Expression in Porcine Macrophages. J. Virol. 2022, 96, e0166721. [Google Scholar] [CrossRef]








[image: Animals 12 02935 g001 550] 





Figure 1. Molecular mechanisms and regulation of cGAS-STING and IFN signaling. 
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Figure 2. Molecular mechanisms and regulation of TNF-α/IL-1β-triggered signaling. 
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