Keywords: ASFV, cGAS, IFI16, STING, Innate immunity, Host-pathogen interaction

ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Investigating the roles of cGAS and IFI16 in

List of Figures

I performed all the activities leading to the result and discussion in this project, except that all virus titrations and infections were carried out in a BSL3 facility by Ferdinand Roesch. Moreover, I have fully and appropriately referenced and listed the sources of data that are not mine.

Background studies

African swine fever (ASF), a lethal hemorrhagic viral infection of domestic pigs and feral swine has become a global threat with significant economic consequences. Since its emergence in East Africa in 1921 ASF has spread to over sixty countries [START_REF] Gaudreault | African Swine Fever Virus: An Emerging DNA Arbovirus[END_REF]. The current outbreak of ASF on the European continent started in Georgia in 2007 [START_REF] Rowlands | African swine fever virus isolate, Georgia, 2007[END_REF], from where it spread rapidly to Eastern and Central Europe, and the Caribbeans. The virus reached China in 2018, causing the death of nearly 300 million pigs between 2018 to 2020 with nearly $100 billion in economic losses (The $100-billion toll of a pig epidemic in China, 2021)

African swine fever is caused by the African swine fever virus (ASFV), the only known DNA arbovirus. Indeed, ASFV infects soft ticks of the Ornithodoros genus, which are an important biological reservoir in maintaining the sylvatic circle [START_REF] Burrage | African swine fever virus infection in Ornithodoros ticks[END_REF][START_REF] Costard | Epidemiology of African swine fever virus[END_REF].

Infection of the natural hosts, including the red river hogs (Potamochoerus porcus) and warthogs (Phacochoerus africanus), is often asymptomatic, and these animals act as important carriers in the spread of the disease [START_REF] Dixon | African swine fever[END_REF][START_REF] Salguero | Comparative Pathology and Pathogenesis of African Swine Fever Infection in Swine[END_REF].

In contrast, ASF infection in domestic pigs is often devastating, with mortality rates of almost 100% (Blome et al., 2013a;[START_REF] Pikalo | Pathogenesis of African swine fever in domestic pigs and European wild boar -Lessons learned from recent animal trials[END_REF]. Unfortunately, there is no current vaccine for control and prevention or effective drugs for ASF treatment. ASFV control focused mostly on animal culling, biosecurity in farms, restricted movements, and trade of animals [START_REF] Costard | Epidemiology of African swine fever virus[END_REF]. The development of an effective vaccine for ASFV remains a significant scientific challenge, mostly because of limited knowledge of the ASFV-host interaction, the lack of suitable cell lines for laboratory studies on ASFV, and the complexity of the virus biology. Thus, understanding the fundamental aspects of the viral-host relationship, including how the virus is sensed by the host's innate immune system is crucial for vaccine development.

Transmission dynamics of ASFV

ASFV has a complex transmission cycle that involves:

• The soft ticks and the wild suids (sylvatic cycle)

• Contact between the wild fauna (especially boars) and susceptible hosts

• Transmission by direct contact between infected animals Furthermore, ASFV transmission dynamics vary geographically. In Europe, transmission is mostly through contact between swine and wild fauna, while in Africa and Asia, the transmission dynamics is driven by the domestic swine cycle [START_REF] Dixon | African Swine Fever Epidemiology and Control[END_REF]. Accordingly, Europe accounts for 67% of all reported ASFV outbreaks between 2016 and 2020. In contrast, 82% of the global animal losses to ASFV between 2016 to 2020 occurred in China (Global situation of African swine fever, 2021). Indeed, some attenuated strains are heavily deleted, with up to 10 kbp of sequence missing [START_REF] Chapman | Comparison of the genome sequences of non-pathogenic and pathogenic African swine fever virus isolates[END_REF]. These missing genes are believed to be important for virulence. Attenuated ASFV strains have emerged from variations in the genome of the virus, specifically from the loss the multigene family (MGF) genes in the right and left variable regions of the genome. Five families of MGF are known: MGF 100, 110, 300, 360, 505/530 and are named based on the average number of encoded amino acids [START_REF] Portugal | Related strains of African swine fever virus with different virulence: Genome comparison and analysis[END_REF]. The roles of these MGFs in ASFV virulence and pathogenesis are poorly understood. However, most of these genes are implicated in acute ASF. Also, some naturally attenuated strains of ASFV lack many of the MGF genes, which are reportedly involved in immune system evasion [START_REF] Rathakrishnan | Differential Effect of Deleting Members of African Swine Fever Virus Multigene Families 360 and 505 from the Genotype II Georgia 2007/1 Isolate on Virus Replication, Virulence, and Induction of Protection[END_REF] Figure 4. Protein alignment in some strains of ASFV, with large deletions of some viral genes in the attenuated strains. [START_REF] Bacciu | Genomic analysis of Sardinian 26544/OG10 isolate of African swine fever virus[END_REF] The right and the left variable region of the ASFV genome, flanks the conserved central region, in which genes are mostly involved in viral replication, assembly, and evasion of host immune systems. p72, the main capsid protein of the virus, is strongly conserved across strains and is used for phylogenetic analyses of ASFV. To date, phylogeny on p72 allowed to identify twenty-four genotypes of ASFV and eight serogroups [START_REF] Gao | Effects of the NF-κB Signaling Pathway Inhibitor BAY11-7082 in the Replication of ASFV[END_REF].

ASFV isolates from the sylvatic cycle (mostly from African countries) display higher levels of genetic diversity, resulting from the prolonged evolution of the virus over time. Accordingly, countries with the sylvatic cycle of ASFV have more diversity of ASFV genotypes circulating in their domestic swine cycle [START_REF] Dixon | African Swine Fever Epidemiology and Control[END_REF]. Indeed, in Africa, where O. moubata spp soft ticks are abundant, there is a rich diversity of ASFV genotypes [START_REF] Njau | Genotypes Circulating in Sub-Saharan Africa[END_REF]. However, outside the African continent, particularly in Europe and Asia, the genotype II strains, which are regarded as highly virulent strains are responsible for the majority of ASF outbreaks [START_REF] Ito | The Evolution of African Swine Fever in China: A Global Threat[END_REF].

Figure 5. Phylogenetic tree showing diversity of ASFV genotypes [START_REF] Forth | A deep-sequencing workflow for the fast and efficient generation of high-quality African swine fever virus whole-genome sequences[END_REF] 1.3 Clinical signs and pathogenesis.

ASF is associated with a wide spectrum of clinical presentations in swine. The pathomorphological changes vary based on the host factors, route of infection, and virulence of the isolates, which are characterized by high, moderate, or low virulence. The clinical manifestation of ASF may occur as hyperacute, acute, subacute, or chronic infection [START_REF] Salguero | Comparative Pathology and Pathogenesis of African Swine Fever Infection in Swine[END_REF].

Hyperacute infections with the highly virulent strains of ASFV result in a clinical course of infection reminiscent of viral hemorrhagic fever, characterized by massive depletion of the lymphoid tissues, bleeding, and apoptosis of lymphocytes, [START_REF] Blome | Pathogenesis of African swine fever in domestic pigs and European wild boar[END_REF]. Although ASFV primarily replicates in the macrophages [START_REF] Franzoni | Characterization of the interaction of African swine fever virus with monocytes and derived macrophage subsets[END_REF], the virus infects the endothelial cells [START_REF] Vallée | African Swine Fever Virus Infection of Porcine Aortic Endothelial Cells Leads to Inhibition of Inflammatory Responses, Activation of the Thrombotic State, and Apoptosis[END_REF] to trigger endothelial dysfunction. In acute ASF, a short incubation period of 2 to 7 days is followed by, a high fever (up to 42•C). Lethality may reach 100% within 7 days in affected farms.

Modulation of the immune response

The pathogenicity and diseases outcome of ASFV are strongly linked to ASFV virulent MGF proteins and the differences in the innate immune response. Highly virulent strains induced high level of pro-inflammatory cytokines such as TNF-α, IL-1α, IL-1β, which reportedly contribute to massive tissue destruction [START_REF] Blome | Pathogenesis of African swine fever in domestic pigs and European wild boar[END_REF], while infection with attenuated strains induced interferon responses (Garcia-Belmonte et al. 2019). How the virus modulates the immune system to trigger different immune responses remains an enigma.

Transcriptomic analysis of gene expression in ASFV-infected macrophages revealed downregulation of anti-inflammatory genes including IL-10 and transforming growth factor-β (TGF-β). However, Pro-inflammatory cytokines like IL-17, IL-6, IL-12, IL-18, TNF-α, and tumor necrotic factors alpha (TNF) superfamily were strongly upregulated from 3 dpi (Wang et al., 2021;[START_REF] Zhu | Mechanisms of African swine fever virus pathogenesis and immune evasion inferred from gene expression changes in infected swine macrophages[END_REF]. The upregulation of TNF is believed to contribute to inflammation and cell death.

Indeed, neutrophilia [START_REF] Blome | Pathogenesis of African swine fever in domestic pigs and European wild boar[END_REF] and lymphopenia [START_REF] Zakaryan | A study of lymphoid organs and serum proinflammatory cytokines in pigs infected with African swine fever virus genotype II[END_REF] have been observed, and ASFV has been reported to trigger apoptosis of infected cells [START_REF] Oura | African swine fever: A disease characterized by apoptosis[END_REF].

Infection of macrophages by virulent ASFV strains is characterized by the secretion of proinflammatory cytokines, ultimately leading to the fatal cytokine storm [START_REF] Wang | Cytokine Storm in Domestic Pigs Induced by Infection of Virulent African Swine Fever Virus[END_REF].

ASFV also subverts the NF-kB pathway to promote its own replication, as evidenced by the fact that treatment of porcine alveolar macrophages (PAMs) with the synthetic NF-kB pathway inhibitor BAY11-7082 blocks ASFV replication [START_REF] Gao | Effects of the NF-κB Signaling Pathway Inhibitor BAY11-7082 in the Replication of ASFV[END_REF]. Recent reports have confirmed that indeed ASFV codes several virulent proteins which modulate the NF-kB pathway to escape immunosurveillance. For instance, the IkB homologue A238L binds to p65, a subunit of NF-kB to inhibit its activation and down-regulate NF-kB-dependent transcription of pro-inflammatory genes. Notably, ASFV selectively degrades porcine IkBa while preserving A238L [START_REF] Tait | Mechanism of inactivation of NF-κB by a viral homologue of IκBα. Signal-induced release of IκBα results in binding of the viral homologue to NF-κB[END_REF] F317L abrogates the phosphorylation of IKKβ to inhibit the ubiquitination of IκBα, resulting in the accumulation of IκBα which blocked p65 nuclear translocation [START_REF] Yang | African Swine Fever Virus F317L Protein Inhibits NF-κB Activation To Evade Host Immune Response and Promote Viral Replication[END_REF]. MGF360-12L disrupts the interaction between p65 and importin α to suppress NF-kB nuclear translocation [START_REF] Zhuo | African Swine Fever Virus MGF360-12L Inhibits Type I Interferon Production by Blocking the Interaction of Importin α and NF-κB Signaling Pathway[END_REF]. pMGF505-7R interacts with IKKα to suppress IκBα phosphorylation and block NF-κB [START_REF] Huang | Multifunctional pMGF505-7R Is a Key Virulence-Related Factor of African Swine Fever Virus[END_REF]. On the other hand, some ASFV proteins trigger activation of NF-kB activation: for instance, A224 inhibits apoptosis through NF-kB signaling [START_REF] Rodríguez | African Swine Fever Virus IAP-Like Protein Induces the Activation of Nuclear Factor Kappa B[END_REF] and K205R induces P65 phosphorylation through the autophagy pathway (Wang et al., 2022), as observed for other pathogens [START_REF] Trocoli | The complex interplay between autophagy and NF-κB signaling pathways in cancer cells[END_REF]. Other viral proteins, such as A528R [START_REF] Liu | African swine fever virus a528r inhibits tlr8 mediated nf-κb activity by targeting p65 activation and nuclear translocation[END_REF], and E199L [START_REF] Chen | African Swine Fever Virus Protein E199L Promotes Cell Autophagy through the Interaction of PYCR2[END_REF]) also stimulate autophagy, while A179L

promotes cell survival by binding to Beclin-1 and other pro-apoptotic factors [START_REF] Galindo | A179L, a viral Bcl-2 homologue, targets the core Bcl-2 apoptotic machinery and its upstream BH3 activators with selective binding restrictions for Bid and Noxa[END_REF][START_REF] Hernaez | A179L, a New Viral Bcl2 Homolog Targeting Beclin 1 Autophagy Related Protein[END_REF] Infection caused by some attenuated ASFV strains induces type I IFN [START_REF] Karalyan | Interferon status and white blood cells during infection with African swine fever virus in vivo[END_REF].

Interestingly, ASFV infection of primary macrophages is very inefficient in presence of type I and type II interferons, (Fan et al. 2021;[START_REF] Golding | Sensitivity of African swine fever virus to type I interferon is linked to genes within multigene families 360 and 505[END_REF][START_REF] Montoya | Immune responses against African swine fever virus infection[END_REF]). However, several virulence factors, such as genes of the MGF360 and MGF505 family are also able to antagonize type I IFN induction [START_REF] O'donnell | 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[END_REF][START_REF] Reis | Deletion of African swine fever virus interferon inhibitors from the genome of a virulent isolate reduces virulence in domestic pigs and induces a protective response[END_REF]. Notably, several naturally attenuated ASFV strains lacking MGF360/F505 genes are more susceptible to type I IFNs [START_REF] Franzoni | Comparison of macrophage responses to African swine fever viruses reveals that the NH/P68 strain is associated with enhanced sensitivity to type i IFN and cytokine responses from classically activated macrophages[END_REF][START_REF] Golding | Sensitivity of African swine fever virus to type I interferon is linked to genes within multigene families 360 and 505[END_REF] 

Viral replication and innate sensors

Recently, the cGAS-STING signaling pathway was shown to contribute to ASFV sensing (Garcia-Belmonte et al. 2019). The cGAS-STING pathway is a component the innate immune system which detect cytosolic DNA from various viruses to trigger the expression of the inflammatory genes resulting to the activation of defense mechanisms [START_REF] Hopfner | Molecular mechanisms and cellular functions of cGAS-STING signalling[END_REF]. Cyclic GMP-AMP Synthase (cGAS) binds the Cytosolic dsDNA and subsequently catalyzes the production of cyclic GMP-AMP (cGAMP). The cGAMP acts as a second messenger and binds to the stimulator of interferon genes protein (STING), which becomes phosphorylated and undergoes a conformational change before translocating to the perinuclear microsome where it activates TANK-binding kinase 1 (TBK1) through phosphorylation. TBK1 in turn phosphorylates interferon regulatory transcription factor 3 (IRF3) leading to its nuclear translocation and to the stimulation of type 1 interferon gene expression [START_REF] Zhang | Structures and Mechanisms in the cGAS-STING Innate Immunity Pathway[END_REF].

However, several ASFV proteins have been reported to degrade cGAS-STING or target a component of this pathway. pMGF505-7R degrades cGAS-STING Pathway by promoting ULK1-mediated STING autophagy [START_REF] Li | African Swine Fever Virus MGF-505-7R Negatively Regulates cGAS-STING-Mediated Signaling Pathway[END_REF]), pS273R target IKKε [START_REF] Luo | The African swine fever virus protease pS273R inhibits DNA sensing cGAS-STING pathway by targeting IKKε[END_REF]. p17 [START_REF] Zheng | African swine fever virus structural protein p17 inhibits cGAS-STING signaling pathway through interacting with STING[END_REF] and MGF360-14L (Wang Y et al., 2022) block TBK1 and IRF3 phosphorylation.

DP96R inhibits the cGAS/STING pathway through an uncharacterized mechanism [START_REF] Wang | Inhibition of cGAS-STING-TBK1 signaling pathway by DP96R of ASFV China 2018/1[END_REF].

Beyond these recent findings, little is known about ASFV detection by the innate immune system.

Specifically, it remains unknown when this sensing occurs in ASFV replication cycle, or if other DNA sensors (beyond cGAS) may recognize ASFV. In ASFV-infected macrophages, viral DNA synthesis is initiated in the nucleus and then proceeds in cytoplasmic viral factories. p37 and p10 are two ASFV proteins which accumulate in the nucleus to form foci [START_REF] Eulálio | African swine fever virus p37 structural protein is localized in nuclear foci containing the viral DNA at early post-infection times[END_REF][START_REF] Nunes-Correia | African swine fever virus p10 protein exhibits nuclear import capacity and accumulates in the nucleus during viral infection[END_REF]. Accordingly, ASFV alters the nuclear architecture and triggers a DNA damage response [START_REF] Simões | Alterations of nuclear architecture and epigenetic signatures during African swine fever virus infection[END_REF]. While the interplay between DNA damage and innate immunity is becoming increasingly clear [START_REF] Justice | Nuclear antiviral innate responses at the intersection of DNA sensing and DNA repair[END_REF], it is unknown if this pathway is involved in the innate immune response to ASFV. While TLR9 sense unmethylated cpGDNA and exogenous DNA, its role in ASFV sensing has not been reported. The DNA-dependent activator of IFN-regulatory factors (DAI) recognizes cytoplasmic DNA. However, DAI is dispensable for DNA-dependent interferon response [START_REF] Ishii | TANK-binding kinase-1 delineates innate and adaptive immune responses to DNA vaccines[END_REF] indicating DAI might be redundant or cell specific.

In response to a DNA damage repair pathway, a complex protein the DNA-PKcs and its components Ku70 and Ku80 binds DNA strands to enhance cell cycle arrest and promote DNA damage repair [START_REF] Unterholzner | The interferon response to intracellular DNA: Why so many receptors?[END_REF]. DNA-PKcs signaling is mediated through IRF3 to induce IFN in response to HSV-1 and Modified Vaccinia Ankara [START_REF] Ferguson | DNA-PK is a DNA sensor for IRF-3-dependent innate immunity[END_REF]. Interestingly, DNA-PKcs and Ku70 are dispensable for intracellular dsDNA-induced type I IFN production [START_REF] Stetson | Recognition of cytosolic DNA activates an IRF3-dependent innate immune response[END_REF].

Another key sensor in the DNA damage repair pathway which also signals exogenous DNA is the meiotic recombination 11 factor (Mre11), which was described to bind to dsDNA breaks and mediate the DNA damage repair pathway [START_REF] Kondo | DNA damage sensor MRE11 recognizes cytosolic double-stranded DNA and induces type i interferon by regulating STING trafficking[END_REF]. It has been shown that Mre11 is important for DNA-induced IFN response, in mice and human cell lines where Ataxiatelangiectasia mutated kinase (ATM) and NBS1 are dispensable. However, Mre11 only recognized transfected dsDNA but not DNA pathogens including HSV-1 and Listeria [START_REF] Kondo | DNA damage sensor MRE11 recognizes cytosolic double-stranded DNA and induces type i interferon by regulating STING trafficking[END_REF].

Moreover, none of these signaling pathways are essential for inflammatory response, which is the hallmark of virulent ASFV infection [START_REF] Wang | Cytokine Storm in Domestic Pigs Induced by Infection of Virulent African Swine Fever Virus[END_REF] The absent in melanoma 2 (AIM2), a cytoplasmic DNA sensor triggers inflammasome formation to induce IL-1β, IL-18 and pyroptosis via gasdermin D cleavage [START_REF] Wang | AIM2 Inflammasome Assembly and Signaling[END_REF]. However, AIM2 is missing in pig's genome annotation [START_REF] Dawson | An in-depth comparison of the porcine, murine and human inflammasomes; lessons from the porcine genome and transcriptome[END_REF], and recently, it was described that ASFV pS273R modulates gasdermin D cleavage to inhibit pyroptosis [START_REF] Zhao | African swine fever virus cysteine protease pS273R inhibits pyroptosis by noncanonically cleaving gasdermin D[END_REF].

Indicating that other inflammasomes are involved in the signaling and induction of innate response to the ASFV genome.

Interferon gamma-inducible protein 16 (IFI16), a member of the PHYIN family like the AIM2 protein, harbors a Pyrin domain at the N-terminal and two HIN domains at the C-terminal [START_REF] Unterholzner | The interferon response to intracellular DNA: Why so many receptors?[END_REF]. IFI16 can sense and bind DNA both in the cytoplasm and the nucleus and has been described to activate ASC-dependent inflammasome in HSV-1 [START_REF] Johnson | Herpes Simplex Virus 1 Infection Induces Activation and Subsequent Inhibition of the IFI16 and NLRP3 Inflammasomes[END_REF]), Kaposi's Sarcoma-associated herpesvirus [START_REF] Singh | Kaposi's Sarcoma-Associated Herpesvirus Latency in Endothelial and B Cells Activates Gamma Interferon-Inducible Protein 16-Mediated Inflammasomes[END_REF]. Additionally, IFI16 activates the NF-kB pathway in response to DNA damage [START_REF] Dunphy | Non-canonical Activation of the DNA Sensing Adaptor STING by ATM and IFI16 Mediates NF-κB Signaling after Nuclear DNA Damage[END_REF], induces interferon response to intracellular viruses and inhibits viral replication [START_REF] Gariano | The intracellular DNA sensor IFI16 gene acts as restriction factor for human Cytomegalovirus replication[END_REF], promotes apoptosis [START_REF] Duan | IFI16 induction by glucose restriction in human fibroblasts contributes to autophagy through activation of the ATM/AMPK/p53 pathway[END_REF], respond to lesions from DNA damage [START_REF] Taffoni | Nucleic Acid Immunity and DNA Damage Response: New Friends and Old Foes[END_REF], and expressed in different cells including macrophage [START_REF] Horan | Proteasomal Degradation of Herpes Simplex Virus Capsids in Macrophages Releases DNA to the Cytosol for Recognition by DNA Sensors[END_REF][START_REF] Søby | HSV-1-induced chemokine expression via IFI16-dependent and IFI16-independent pathways in human monocyte-derived macrophages[END_REF]. These make IFI16 a candidate for ASFV signaling either during the viral replication or in response to the genomic lesion from ASFV-induced DNA damage. Indeed, a recent study indicates that porcine IFI16 could modulate cGAS signaling [START_REF] Zheng | Porcine IFI16 Negatively Regulates cGAS Signaling Through the Restriction of DNA Binding and Stimulation[END_REF]. It is thus imperative to investigate the role of IFI16 in the ASFV-host relationship and the induction of innate responses.

Hypothesis and Objectives

IFI16 is a nuclear protein from the PYHIN family shuttling between the nucleus and cytosol. It is involved in the sensing of many DNA viruses and of lesions induced by DNA damage and participates in inflammasome activation. To date, its involvement in ASFV sensing has not been interrogated. In this work, we hypothesized that ASFV can be recognized by other DNA sensors beyond cGAS such as IFI16.

Research questions

The project will seek to answer the following questions.

• Is cGAS indeed involved in ASFV sensing?

• If so, is it the only DNA sensor?

• Is IFI16, a nuclear DNA sensor, also involved in ASFV sensing?

Aim

The aim of this research project is to study the innate response to the ASFV and to determine whether cGAS and IFI16 contribute to ASFV sensing and pathogenesis. To achieve this goal. The following objectives were defined:

• Develop siRNA knock-down assay for cGAS, IFI16, and TLR3 to confirm their involvement in ASFV sensing. • Assess Knock-down (KD) efficiency by evaluating the gene expression using RT-qPCR.

• Perform ligand stimulation and transfection to determine the functionality of the knockdown assays. • Infect KD cells with a low-virulence ASFV strain and follow infection by flow cytometry and RT-qPCR. • Quantify the production of IFNs and the pro-inflammatory cytokines using RT-qPCR.

Materials and Methods

Cell Culture

Immortalized porcine alveolar macrophages (3D4/31 and 3D4/21) were purchased from the American Type Culture Collection (ATCC) and Primary alveolar macrophages (PAMs) were obtained from the National Reference laboratory on African Swine Fever Virus (ANSES Ploufragan) headed by Marie Frederique Lepotier. Briefly, specific pathogen-free (SPF) pigs were euthanized at six weeks old, and PAMs were collected by bronchoalveolar lavage. Cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin, and 1% nonessential amino acids (Gibco). Cells were maintained at 37 o C with 5% CO2.

Cell viability

Cells were cultured in a T75 flask and incubated at 37 o C for 24 hrs. Cells were washed in PBS and trypsinized before viability was determined with trypan blue staining in a Tecan cell counting machine according to the manufacturer's instructions.

Virus strains

We used the L60 and the NH/P68 ASFV strains in this study. The L60 is a highly virulent haemadsorbing genotype II ASFV, which was isolated from domestic pigs in 1960 in central Portugal. The NH/P68 is a low virulent non-haemadsorbing genotype I ASFV isolated from pigs with chronic signs of ASF in 1968. NH/P68 and the L60 significantly differ in their genomic identity, the clinical presentation of infection, and virulence [START_REF] Portugal | Related strains of African swine fever virus with different virulence: Genome comparison and analysis[END_REF].

ASFV virus production

PAMs from SPF pigs were gently thawed and centrifuged for 10 min at 200 g. After cell counting, 13x10 6 cells were seeded in a T25 flask in 10 mL of RPMI 10% SVF. The next day, cells were infected at an MOI of 0.1 (diluted in 2 mL of RPMI 10% SVF) with the NH/P68 and the L60 ASFV strains. After 2 hours, the viral inoculum was removed, and cells were cultured in 10 mL of RPMI 10% SVF. Viral stocks were harvested after 4-5 days when cells appear to be infected at 90% of cytopathic effect (CPE).

ASFV virus titration

The day of the experiment, PAMs from SPF pigs were gently thawed and centrifuged for 10 min at 200g. After cell counting, 2x10 5 cells per 96 well are seeded in a Falcon 96well plate (flat bottom) in a final volume of 100 µL. Then, 100 uL of serially diluted (10-fold dilutions from 10 1 to 10 8 ) virus were added, in triplicates. After 7 days, the presence/absence of cytopathic effect (CPE) was assessed in every well. Titers were calculated as TCID50/mL using the Spearman & Kärber algorithm as described in [START_REF] Hierholzer | Virus isolation and quantitation[END_REF], Virology Methods Manual, 374.

Inhibitor treatment and stimulation of 3D4 immortalized cells

3D4/31 and 3D4/21 cells were seeded in 24well plates (10^5 cells per well) and cultured in DMEM overnight. Media was removed from the cell culture and 450 µL of DMEM 10% were added per well. Cells were treated with 5 µM of the STING inhibitor H151 (Invivogen) or with 10 µM of the cGAS inhibitor RU521 (Invivogen) for 1h at 37°C. The inhibitor was kept throughout the experiment.

Transfection

The jetOPTIMUS kit (reference number 101000051) was used for the transfection following the manufacturer's instructions (except that twice the concentration of the DNA was used). Briefly, 1000 ng per well of calf thymus DNA was diluted in 50 µL of jetOPTIMUS buffer, vortexed, and spined down. Then, 1 µL of the jetOPTIMUS reagent was added, vortexed, and spined down before incubating at room temperature for 10 minutes. 50 µL of the transfection mix was added to each of the treated wells above.

3D4 ligand stimulation with LPS, ODN, Poly I: C

The bacterial lipopolysaccharide (LPS) is known to activate TLR4 and induce inflammatory responses. While oligodeoxyribonucleotides containing CpG motifs (CpG ODNs) are agonists of TLR9 and Polyinosinic-polycytidylic acid (poly (I:C)) induces interferon response by activating TLR3.

To characterize the innate response in 3D4/31 cell line, we performed ligand stimulation. Briefly, Cells were seeded in a 24 well plate (10^5 per well) and incubated at 37 o C for 16 hours. Media was removed from the wells and 500 ng/ml of Escherichia coli LPS (Sigma), ODN and Poly IC were added to the designated wells. The cells were incubated for either 6 hrs. or 16 hrs.

Small interfering RNA (siRNA) duplexes

Negative control siRNA, which has no homology to any known gene served as the negative control in the siRNA knockdown assay. siRNA targeting specific sensors, including IFI16, TLR3, and cGAS, were chemically synthesized by (Sigma). Three primers were made for each of the target genes. Stocks (40 μM), were prepared for each siRNA, which was aliquoted and stored at -80 °C.

The sequences of each of the siRNA oligonucleotides are given in Table 1. Cells were seeded in a 24well plate (10^5 cells per well) and incubated for 16 hrs (overnight). 1 µL of lipofectamine 3000 (Invitrogen) was diluted in 50 µL of OptiMEM and vortexed for 5 s.

Then, 5 pmol of each of the 3 different siRNA per gene were added as a pool (total of 15 pmol) in the transfection mix and incubated for 15 min at room temperature.

For the transfection, 50 µL of the siRNA transfection was added to each well and 50 µL of OptiMEM were added to the positive control wells and incubated at 37 o C for 24 hours. Afterward, the positive control wells were either treated with cGAS or TLR3 inhibitor according to the manufacturer's instructions, or nothing was added and incubated at 37 o C for 1 hr.

To investigate the efficiency of the inhibitors and siRNA knockdown, the cells were stimulated with the calf thymus DNA as described above. Except for the negative control siRNA, which has no homology to any gene, three different siRNA primers were pooled together for IFI16 and TLR3 experiment.

3.5 RNA extraction and reverse transcriptase quantitative PCR Total AGT-CAG-CAT-CCA-CAA-CTC-TCA IFIT1_R1 GGG-AGG-CTA-CTG-ATC-TTG-GC

Flow cytometry for ASFV p72 staining

Cells were infected at the indicated MOI. After 24-48h, cells were trypsinized, washed once in PBS and fixed in 50 uL of PFA 4% for 5 min. After fixation, cells were diluted in PFA 1% and kept at 4°C upon use. The day of the staining, cells were washed in PBS and permeabilized for 15 min with 50 uL of PBS Triton 0.2 % BSA 0.1 %. Then, cells were washed in PBS and stained for 30 minutes on ice using the p72 antibody (Ingenasa) diluted at 1/500 in PBS BSA 0.1% (50 uL). Cells were washed in PBS once and stained for 30 min on ice (with foil covering the plate) using the secondary antibody Goat anti-Mouse Alexa 488 (Life Technologies) diluted at 1/500 in PBS BSA 0.1% (50 uL). Cells are washed once in PBS and resuspended in 200 uL of PBS BSA 0.1%.

Infection levels were assessed as % of p72 positive cells using a BD FACS Calibur and analyzed with the FlowJo Software.

Results

4.1.1 Characterization of the innate response in 3D4/31 cell lines stimulated with LPS, ODN, and Poly I: C

Porcine macrophages are the main cellular target for ASFV [START_REF] Franzoni | Characterization of the interaction of African swine fever virus with monocytes and derived macrophage subsets[END_REF]. While the goldstandard to study ASFV hosts/pathogens interactions remains to use primary alveolar macrophages (PAMs) [START_REF] Meloni | Cell Lines for the Development of African Swine Fever Virus Vaccine Candidates : An Update[END_REF]) these primary cells are not easy to obtain and require to slaughter animals. More importantly, mechanistic studies involving knockdown approaches such as siRNA transfection are extremely difficult to perform in this cell type. Thus, to study the involvement of different PRRs in ASFV sensing, we need an immortalized cell line that both supports ASFV replication and can be easily transfected. An immortalized porcine alveolar macrophage (IPAM) that has been shown to support ASFV replication is the 3D4 cell line. Several clones including 3D4/31, 3D4/121, and 3D4/2 have been described to be infectable by ASFV [START_REF] Weingartl | Continuous porcine cell lines developed from alveolar macrophages: Partial characterization and virus susceptibility[END_REF]. We, therefore, chose this cell line for our study. 

Time course induction of innate response in DNA-stimulated 3D4/31 cells

Due to the low induction of many of the target genes in 3D4/31 cells, we performed a time course DNA stimulation of 3D4/31 cells. In this next experiment, we stimulated cells with Calf Thymus DNA (CT-DNA), which was described to activate cGAS (Gao et al 2016). Cells were harvested after 6 or 16 hours. Samples were then processed for RNA extraction and RT-qPCR as previously described.

In order to test the functionality of the cGAS/STING pathway in 3D4 cells, we also treated cells with a cGAS inhibitor (RU-521) and a STING inhibitor (H-151), using concentrations previously described to be non-toxic and highly inhibitory (Rodrigo Guabiraba, personal communication). In did not reveal any major cell death. Together, these results suggest that the cGAS/STING pathway is active in 3D4 cells and can be potently inhibited by RU-521 and H-151 treatment.

Optimization of cGAS RT-qPCR in 3D4/31 cell line and in Porcine Alveolar Macrophage (PAMs)

The previous experiment shows that 3D4 cells respond to Calf Thymus DNA and that the inhibitors are efficient at the optimized conditions. We next sought out to quantify the levels of cGAS mRNA in 3D4/31 cells following stimulation with an exogenous DNA as previously described. However, as shown in Figure 9a. the RT-qPCR read out gave a Ct mean of 39, indicating a low expression of cGAS, close to the detection limit. To optimize the cGAS detection and quantification, three different primer pairs were used to amplify cGAS. In addition, we used primary alveolar 3D4/31 cells were plated in a 24-well plate (10^5 cells per well) and treated with 10 µM of cGAS or STING inhibitor for 1 hour prior to stimulation. Untreated and untransfected cells served as negative control. Cells were then stimulated with 1 μg/ml of CT-DNA, using the jetOPTIMUS kit. Inhibitor treatments were maintained throughout the experiment. Cells were harvested after 6 or 16 hours. RNA was extracted and used as a template to measure the levels of the chemokine CXCL2 by RT-qPCR. qPCR reactions were performed in duplicates and mean CT values were used and normalized using the housekeeping gene GAPDH. The Y-axis represents the fold change in comparison to the untreated cells using the 2 -ΔΔCT method.

macrophages (PAMs) as a control, since previous publications suggesting a role for cGAS in ASFV detection were carried out in these cells (Garcia-Belmonte et al. 2019). Strikingly, we observed low Ct values for cGAS in PAMs, ranging from 28 to 30, depending on the cGAS primers.

However, as seen in Figure 9b. the mean Ct values for cGAS obtained in 3D4/31 ranged between 39 and 40. In some cases, no amplification at all was observed. This allowed us to conclude that our assay to measure cGAS levels works, but that cGAS is poorly expressed in 3D4/31 cells.

siRNA knockdown assays for IFI16 and TLR3

Given the low levels of cGAS observed in 3D4/31 cells, we decided to focus on knocking down IFI16 and TLR3 using siRNA transfection. To this end, we transfected 3D4/31 cells with siRNAs targeting TLR3 and IFI16 using the transfection reagent lipofectamine 3000 (Invitrogen). For each of the genes, we pooled three different siRNAs together, each targeting different areas in the mRNA. The transfection mixes were then incubated with 3D4/31 at 37 o C for 24 hours, then the cells were stimulated with the CT-DNA for 16 hours. For the control, we used the negative control siRNA, which has no homology to any known porcine gene. 

A. B.

As shown in Figure 10a. Treating the cells with the small interfering RNA (siRNA), knockdown IFI16 by four-fold. While the siRNA knockdown TLR3 expression by eleven-fold (Figure 10b).

These show that the IFI16 and TLR3 expression in 3D4/31 are quantifiable and that the siRNA transfection knockdown was efficient 24 hours after treatment.

Comparison of the innate response induced in DNA-stimulated or ASFVinfected 3D4-cell line

Next, we aimed to investigate the innate immune response induced by ASFV following infection of 3D4/31. To this end, we infected 3D4/31 cells with an attenuated strain of ASFV, called NH/P68: indeed, previous publications suggested that 3D4 cells are sensitive to such attenuated ASFV strains, but not to the virulent ASFV strains [START_REF] Meloni | Cell Lines for the Development of African Swine Fever Virus Vaccine Candidates : An Update[END_REF]. We used a Multiplicity Of Infection (MOI) of 1, meaning that the ratio of infectious viral particle per cell in the culture was Figure 10. siRNA knockdown assay for IFI16 and TLR3. 3D4/31 cells were plated in a 24well plate (10^5 cells per well) and treated with 5 pmol of siRNA-IFI16 or siRNA-TLR3. Three different siRNA per gene were pooled together, hence a total of 15 pmol was mixed and incubated at room temp for 15 minutes. Then, cells were stimulated with 1 μg/ml of CT-DNA, using the jetOPTIMUS kit. Cells were harvested after 16 hours. RNA was extracted and used as a template to measure the levels of the IFI16 or TLR3 by RT-qPCR. qPCR reactions were performed in duplicates and mean Ct values were used and normalized using the housekeeping gene B2M. The Y-axis represents the fold change in comparison to the siRNA-Control cells using 2 -ΔΔCT method.

one. As a control, cells were stimulated with the Calf thymus DNA as previously described. Cells were harvested after 24 hours to allow for the completion of the viral life cycle. To study the innate immune response to ASFV in 3D4 cells, we measured the levels of the Interferon Stimulated Gene IFIT1, which we previously observed as strongly induced by ASFV infection in PAMs (data not shown).

As seen in figure 11. stimulation of 3D4/31 cells with CT-DNA resulted in a 2.5-fold induction of IFIT1. On the other hand, ASFV infection did not induce IFIT1, and even decreased the levels observed.

ASFV replication in 3D4 cells

Given the lack of innate response in 3D4/31 cells infected with ASFV, we next checked the infection levels in that cell line. To do this, we designed an RT-qPCR assay measuring the expression of p72, a gene expressed at very high levels late (16 hours) in the viral life cycle and and saw an increase in the levels of viral genes, further suggesting that the observed signal is not background and reflects ongoing viral replication.

To confirm that 3D4/31 cells support the growth of ASFV, cells were stained for intracellular levels of p72. As a positive control, PAMs infected at different MOIs were used. Figure 13 shows significant levels of infection in PAMs (9.98% at MOI 0.5 and 10.9% at MOI 1), validating our infection and staining protocols. However, no infection could be observed in 3D4 cells, in contrast with the RT-qPCR results previously discussed. This indicated that while viral RNA can be detected in 3D4 cells, there was no production of the viral protein for p72. 

ASFV replication in Primary Alveolar Macrophages

Since in our hands, 3D4 could not be infected productively with ASFV, we decided to focus on primary alveolar macrophages instead, which are highly infectable. However, siRNA transfection is notoriously challenging in primary cells: for this reason, we instead treated PAMs with STING and cGAS inhibitors, as described previously. This experiment will not allow to test the effect of IFI16 in ASFV sensing, but will however allow us to determine whether inhibiting the cGAS/STING pathway leads to a total -or only partial -reduction of the innate immune response induced by ASFV. We used two different concentrations of 5 μM or 20 μM of the inhibitor since we are not sure of the cytotoxicity in these primary cells.

PAMs were infected either with an attenuated (NH/P68) or the virulent (L60) strain of ASFV as previously described. At 24 hpi, we observed high levels of infection: and 31.6% (c) of p72+ cells for L60 and NH/P68, respectively. In addition, we measured the levels of expression of three genes involved in IFN pathway inhibition: DP96R, I329L, and A528R, as et al. 2013) while DP96R blocks IFN induction through an uncharacterized mechanism [START_REF] Wang | Inhibition of cGAS-STING-TBK1 signaling pathway by DP96R of ASFV China 2018/1[END_REF]. We observed that these IFN modulating genes were overexpressed in cells infected by the virulent L60 strain. Indeed, we observed a 5-fold (I329L) and a 6-fold (A528R and DP96R) increase in expression in L60-infected cells compared to cells infected by the NH/P68 strain.

However, it should also be taken into account that the virulent L60 strain replicated more efficiently in PAMs, with a 16-fold expression of the p72 late viral protein when compared to NH/P68. A similar result was observed when we evaluated IFIT1 expression, an IFNβ-dependent gene.

PAMs infected with the attenuated NH/P68 strain upregulated IFIT1 by 3.9-fold. However, as shown in Figure 16B the IFIT1 induction level was inhibited when PAMs were treated with 5 μM or 20 μM of the STING inhibitor. The induction level was decreased by 2.4-fold and 1.9-fold respectively. Overall, these results confirmed previous reports that attenuated ASFV induces 

A. B.

STING inhibitor STING inhibitor

Discussion

The innate immune system is the first line of defense against invading pathogen. Recognition of the evolutionary conserved pathogen-Associated molecular patterns (PAMPs) of an invading pathogen by the pattern recognition receptors (PRRs) of the host is crucial to activate the innate immune defense mechanisms.

Swine are equipped with an array of PRRs detecting pathogens as well as foreign and mis-localized DNA [START_REF] Mair | The porcine innate immune system: An update[END_REF]. However, single-nucleotide polymorphisms (SNPs) revealed variation in the pattern and distribution of some innate sensors between different breeds of pigs [START_REF] Bergman | European wild boars and domestic pigs display different polymorphic patterns in the Toll-like receptor (TLR) 1, TLR2, and TLR6 genes[END_REF][START_REF] Shinkai | Biased distribution of single nucleotide polymorphisms (SNPs) in porcine Toll-like receptor 1 (TLR1), TLR2, TLR4, TLR5, and TLR6 genes[END_REF]. In our study, 3D4 cells, which are immortalized porcine alveolar if there are intrinsic cell factors that might contribute to the replication arrest. It will be interesting to explore the antiviral properties of such factors if they exist. For instance, the Schlafen 11, a host restriction factor impact codon usage and translation of HIV and other viruses [START_REF] Guo | Human Schlafen 11 exploits codon preference discrimination to attenuate viral protein synthesis of prototype foamy virus (PFV)[END_REF].

The ability of the 3D4 cell line to support ASFV replication in the laboratory remains debated. For instance, 3D4 was shown to support the growth of highly attenuated strains of ASFV such as ASFV-Lisbon 61, Hinde attenuated, and Uganda attenuated strains (de León et al., 2013;[START_REF] Weingartl | Continuous porcine cell lines developed from alveolar macrophages: Partial characterization and virus susceptibility[END_REF] but cannot support the productive replication of virulent ASFV strains such as the Armenia/07 and the ASFV-HLJ/18 strain (Wang T. et al., 2021). The ability of 3D4 to support the replication of the attenuated NH/P68 strain is also controversial. de León et al. (2013) showed that there was productive virus infection at 48 hpi; in contrast; Sanchez et al. (2017), could not successfully infect 3D4 with NH/P68. In our hands, 3D4 cells (both clones 21 and 31) did not support productive infection by NH/P68. It would be worth testing their infectability by other attenuated strains such as Ba71V, which showed higher levels of replication in a study by [START_REF] Meloni | Cell Lines for the Development of African Swine Fever Virus Vaccine Candidates : An Update[END_REF].

Notably, 3D4 cells phenotypically differ from the primary alveolar macrophage, which remains the gold standard to study ASFV. Indeed, 3D4 expresses low levels of CD14, CD163, SLAII, and SWC3 (de León et al., 2013b;[START_REF] Meloni | Cell Lines for the Development of African Swine Fever Virus Vaccine Candidates : An Update[END_REF]. CD14 and SWC3 are specific receptors of the myeloid lineage, CD163 is a member of the scavenger receptor, reported to contribute to ASFV entry and SLAII are important for antigen presentation [START_REF] Sánchez | Phenotyping and susceptibility of established porcine cells lines to African Swine Fever Virus infection and viral production[END_REF]. This may explain the selective ability of 3D4 to support a few strains of ASFV.

In our study, PAMs supported the growth of both the virulent (L60) and attenuated (NH/P68) strains of ASFV (Fig. 14). The percentage of the L60-positive cells was much higher than that of the NH/P68-positive cells. This contrasts with the report of [START_REF] Gil | The low-virulent African swine fever virus (ASFV/NH/P68) induces enhanced expression and production of relevant regulatory cytokines (IFNα, TNFα and IL12p40) on porcine macrophages in comparison to the highly virulent ASFV/L60[END_REF], which obtained higher infection of PAMs in NH/P68 compared to the L60. Although, [START_REF] Portugal | Characterization of African swine fever virus IAP homologue expression in porcine macrophages infected with different virulence isolates[END_REF] observed that both L60 and NH/P68 infect PAMs with the same efficiency. The differences in the replication kinetics may be due to significant cell toxicity induced by the infection that we could observe (and that infected cells may not survive long).

Induction of innate response

In our study, only the attenuated (NH/P68) strain induces interferon response including IFNβ and IFIT1 (Fig 16) but not the virulent L60 strain. This result is similar to previous findings [START_REF] García-Belmonte | African Swine Fever Virus Armenia/07 Virulent Strain Controls Interferon Beta Production through the cGAS-STING Pathway[END_REF][START_REF] Gil | The low-virulent African swine fever virus (ASFV/NH/P68) induces enhanced expression and production of relevant regulatory cytokines (IFNα, TNFα and IL12p40) on porcine macrophages in comparison to the highly virulent ASFV/L60[END_REF], which reported the induction of interferon in the attenuated ASFV-infected PAMs. Furthermore, [START_REF] Razzuoli | Modulation of type i interferon system by African swine fever virus[END_REF] compared the interferon induction pattern of ASFV strains of different virulence, only the attenuated NH/P68 strain significantly induced interferon over the course of infection. Indeed, virulent ASFV strains code several proteins of the MGF360/505 family which are reportedly involved in blocking the interferon responses [START_REF] Afonso | African Swine Fever Virus Multigene Family 360 and 530 Genes Affect Host Interferon Response[END_REF]. The deletion of some of these interferon inhibiting genes in attenuated ASFV strains is likely responsible for the induction of the interferon response and attenuated virulence phenotype [START_REF] Reis | Deletion of African swine fever virus interferon inhibitors from the genome of a virulent isolate reduces virulence in domestic pigs and induces a protective response[END_REF]. In our study, the interferon inhibiting genes including DP96R, I329L, and A52R were highly expressed by the virulent strain (Fig 15), which may account for the lack of interferon response in L60-infected PAMs (Correia et al., 2013a;[START_REF] Wang | Inhibition of cGAS-STING-TBK1 signaling pathway by DP96R of ASFV China 2018/1[END_REF]. It might be worth repeating the experiment with different MOIs in order to have a matched percentage of infection in NH/P68 and L60 so as to be able to strictly compare the differences in the innate immune response.

The dichotomy in the induction of innate response to ASFV of different virulent is related to the signaling pathway involved. Garcia-Belmonte et al. (2019), showed that only the attenuated ASFV NH/P68 activates the cGAS-STING signaling pathway but not the virulent Armenia/07 strain, suggesting that cGAS-STING signaling is inhibited by the virulent strains. Several ASFV genes including pS273R [START_REF] Luo | The African swine fever virus protease pS273R inhibits DNA sensing cGAS-STING pathway by targeting IKKε[END_REF], MGF-505-7R [START_REF] Li | African Swine Fever Virus MGF-505-7R Negatively Regulates cGAS-STING-Mediated Signaling Pathway[END_REF], and many others [START_REF] Ayanwale | New Insights in the Interplay Between African Swine Fever Virus and Innate Immunity and Its Impact on Viral Pathogenicity[END_REF] are implicated in disrupting the cGAS-STING pathway to subvert immunosurveillance.

However, in our experiment, treating PAM cells with the synthetic inhibitor of cGAS (Ru521), did not block interferon response. This is most likely due to the cytotoxicity problems we referred to earlier, thus we cannot draw a firm conclusion on its role in mediating IFN response against ASFV.

In addition, it is also possible that ASFV is detected by other cGAS-independent pathways, resulting in IFN induction, such as IFI16 or TLR3. Whether IFI16 can detect ASFV, and/or whether it can influence cGAS sensing, as recently described in swine [START_REF] Zheng | Porcine IFI16 Negatively Regulates cGAS Signaling Through the Restriction of DNA Binding and Stimulation[END_REF] remains to be determined. Additionally, there are reports of STING direct DNA sensing [START_REF] Abe | STING Recognition of Cytoplasmic DNA Instigates Cellular Defense[END_REF].

Accordingly, ASFV p17 was shown to co-localized with STING but not with cGAS or IFI16 [START_REF] Zheng | African swine fever virus structural protein p17 inhibits cGAS-STING signaling pathway through interacting with STING[END_REF] Indeed, the cGAS/STING signaling pathway in swine is still poorly characterized. It remains unknown at what stage of the ASFV life cycle the detection occur or if the detection is in the nuclear or extra-nuclear steps of replication. Furthermore, it is unclear whether the cGAMP produced in response to ASFV DNA is transferred to bystander uninfected cells to induce IFN-β production and confer immunity in these cells, as described for Herpesvirus and Lentivirus (Bridgeman et al., 2015). Further research would be needed to understand if this phenomenon occurs in the porcine cGAS pathway and in the case of ASFV. If so, it will be interesting to explore interferon treatment as anti-ASFV therapeutics.

Conversely, inhibiting the STING pathway blocked interferon responses in the NH/P68-infected PAMs (Fig 16). This indicates the involvement of STING in mediating IFN response against ASFV. Although whether the involvement of STING is related to cGAS or IFI16 remains to be determined. In addition, since we observed partial blockage of IFN response, it might be worth to repeat the experiment with siRNA or CRISPR/Cas9 knock out or use higher concentrations of the inhibitor. If similar results are achieved, this might indicate that other STING independent interferon mediating pathways are involved in ASFV sensing. Indeed, ASFV encodes the TLR3 antagonist A276R, which targets IRF3 (Correia et al., 2013). Also, the highly glycosylated ASFV protein pI329L, described as a TLR3 homologue, inhibits IFN induction [START_REF] De Oliveira | A novel TLR3 inhibitor encoded by African swine fever virus (ASFV)[END_REF].

In addition, I267L was recently shown to antagonize RIG-1 mediated type I IFN induction [START_REF] Ran | African swine fever virus I267L acts as an important virulence factor by inhibiting RNA polymerase III-RIG-I-mediated innate immunity[END_REF]. The genomic DNA of ASFV is detected by DNA-directed RNA polymerase III (Pol-III) that transcribes the genomic DNA into RNA, this can then be detected by RIG-I, resulting in the activation of the innate antiviral response. As most of these studies were performed with human cell lines, finding a porcine continuous cell line that is easy to manipulate and can support the growth of diverse strains of ASFV would be needed to confirm the role of these STINGindependent sensors in ASFV signaling.

Although the role of the IFI16 sensor for viral DNA is well established in other viruses including HSV1, EBV, and Kaposi's sarcoma-associated herpesvirus [START_REF] Johnson | Herpes Simplex Virus 1 Infection Induces Activation and Subsequent Inhibition of the IFI16 and NLRP3 Inflammasomes[END_REF][START_REF] Singh | Kaposi's Sarcoma-Associated Herpesvirus Latency in Endothelial and B Cells Activates Gamma Interferon-Inducible Protein 16-Mediated Inflammasomes[END_REF], this is the first attempt to study the role of IFI16 in ASFV signaling and pathogenesis.

Nonetheless, the lack of a synthetic inhibitor of IFI16 makes it challenging to study IFI16 direct contribution to ASFV sensing or its involvement in DNA damage response induced by ASFV.

Provided suitable models are available in the future, it will be interesting to explore if IFI16 triggers the activation of inflammasomes in response to ASFV DNA either in the cytoplasm or the nucleus. It will also be interesting to explore if IFI16 is activated in response to the virulent strains and the attenuated strains and if this can explain the hyperinflammatory response, which is the hallmark of virulent ASF.

Conclusion

PAMs remain the goal standard to study the ASFV-host relationship. However, generating PAMS relies on the killing of animals, raising obvious ethical concerns, and are notoriously difficult to transfect or transduce with lentivectors, rendering mechanistic studies very challenging.

Furthermore, ASFV field isolates adapted to human and monkey immortalized cell lines often develop genetic modification and loss of immunogenicity after several culture passages [START_REF] Meloni | Cell Lines for the Development of African Swine Fever Virus Vaccine Candidates : An Update[END_REF][START_REF] Sánchez | Phenotyping and susceptibility of established porcine cells lines to African Swine Fever Virus infection and viral production[END_REF]. These drawbacks make PAMs an unsustainable tool for laboratory studies.

Ideally, an immortalized cell line allowing to perform functional studies investigating the PRRs involved in ASFV signaling must fulfill several criteria. These include i) to support productive ASFV replication; ii) to be easy to transfect and express quantifiable levels of the PRR of interest;

iii) to recapitulate the main properties of PAMs (including surface marker expression) Though the 3D4 cell line expressed quantifiable level of IFI16 and TLR3, cGAS was poorly expressed.

Importantly, 3D4 could not support the productive infection of ASFV, making it an irrelevant tool to study ASFV innate immune sensing by PRRs.
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 1 Figure 1. schematic illustration of the complex ASFV route of transmission (Sánchez-Vizcaíno et al. 2018).

Figure 2 .

 2 Figure 2. Global distribution of African swine fever virus between the year 2015-2020[START_REF] Nielsen | Scientific Opinion on the assessment of the control measures of the category A diseases of Animal Health Law: African Swine Fever[END_REF] 
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 3 Figure 3. Schematic illustration of ASFV genome. (Adapted from Viralzone).
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 6 Figure 6. Mechanism of African swine fever virus entry into host´s cell, replication, and release (Zhu & Meng, 2020).

First, we sought

  to characterize the innate immune response of the 3D4 cell line in response to several ligands. For this, 3D4 cells were stimulated with 500 ng/ml of Escherichia coli lipopolysaccharide (LPS), Oligodeoxyribonucleotides containing CpG motifs (CpG ODNs) or Polyinosinic-polycytidylic acid (Poly I: C). LPS is an evolutionary conserved PAMP in Gramnegative bacteria and activates TLR4 by interacting with the macrophage CD14 receptor to induce inflammatory mediators including interleukin (IL)-1, tumor necrosis factor (TNF)-α, and IL-6(Liu et al. 2018). Likewise, ODN mimics viral DNA and triggers an innate immune response through TLR9 activation[START_REF] Nigar | Cooperation of Oligodeoxynucleotides and Synthetic Molecules as Enhanced Immune Modulators[END_REF]. Poly I: C is an RNA ligand, which mimics viral dsRNA and activates TLR3 to induce the interferon response. Collectively, these ligands activate intracellular sensors (TLR3 and TLR9) and extracellular sensors (TLR4).

Figure 7 .

 7 Figure 7. shows the fold changes of IFIT1, ISG15, and CXCL2 induced when 3D4/31 cells were stimulated with LPS, ODN, or Poly I: C. Stimulation with LPS produced no noticeable induction of any of the target genes. In contrast, treatment of 3D4/31 with ODN resulted in a four-fold induction of ISG15, and poly I: C stimulation triggered a 10-fold increase in IFIT1 expression.

Figure 8 ,Figure 7 .

 87 Figure8, we show that overnight DNA stimulation of 3D4/31 cells results in a seventeen-fold increase in CXCL2 at 16 hours, but only in a 2-fold increase at 6 hours. This result indicates that overnight stimulation (16 hours) induces a potent innate immune response. Furthermore, treating the cells with cGAS or STING inhibitors largely inhibited the induction of CXCL2 expression (5fold and 6.7-fold decrease, respectively). Importantly, visual observation of cells at the microscope

Figure 8 .

 8 Figure8. The relative level of CXCL2 induced by 3D4/31 cells after 6 and 16 hours of DNA stimulation. 3D4/31 cells were plated in a 24-well plate (10^5 cells per well) and treated with 10 µM of cGAS or STING inhibitor for 1 hour prior to stimulation. Untreated and untransfected cells served as negative control. Cells were then stimulated with 1 μg/ml of CT-DNA, using the jetOPTIMUS kit. Inhibitor treatments were maintained throughout the experiment. Cells were harvested after 6 or 16 hours. RNA was extracted and used as a template to measure the levels of the chemokine CXCL2 by RT-qPCR. qPCR reactions were performed in duplicates and mean CT values were used and normalized using the housekeeping gene GAPDH. The Y-axis represents the fold change in comparison to the untreated cells using the

Figure 9 .

 9 Figure 9. Expression of cGAS in 3D4/31 and PAMs. 3D4/31 were plated in a 24-well plate (10^5 cells per well) and stimulated with 1 µg/ml CT-DNA, alongside the untreated cell which served as control. At 16 hours after the stimulation, cells were harvested for RT-qPCR assay. Mean Ct values of cGAS expression in stimulated 3D4/31 (A) and optimizing with different cGAS primers for detection in PAMs and 3D4/31(B).

Figure 11 .

 11 Figure 11. IFIT1 expression in DNA-stimulated or ASFV (NH/P68)-infected 3D4/31 at 24 hpi. 3D4/31 cells were plated in a 24-well plate (10^5 cells per well)and infected with the ASFV (NH/P68) strain or stimulated with 1 μg/ml of CT-DNA, using the jetOPTIMUS kit. Nontreated cells served as the control. Cells were harvested at 24 hours after infection. RNA was extracted and used as a template to measure the levels of the IFIT1 by RT-qPCR. qPCR reactions were performed in duplicates and mean Ct values were used and normalized using the housekeeping gene B2M. The Y-axis represents the fold change in comparison to the untreated cells using the 2 -ΔΔCt method.
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 12 Figure 12. RT-qPCR Mean CT values for the late viral protein P72 expression in a 3D4-NH/P68 infected cells. 3D4/31 cells were plated in a 24-well plate (10^5 cells per well) and infected with the ASFV (NH/P68) at the MOI 1. Cells were harvested at 24 hours after infection. RNA was extracted and used as a template to measure the levels of the p72 by RT-qPCR. qPCR reactions were performed in duplicates and mean Ct values are represented in the bar graph.
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 13 Figure 13. Intracellular p72 staining in 3D4/31 and PAMs. PAMs were seeded in a 24-well plate (2*10^5 cells per well) and infected with the attenuated (NH/P68) ASFV strain at MOI 0.5 or 1. The viral inoculum was removed after one hour of incubation. Non-infected cells were used as a negative control. For 3D4/31, 10^5 cells were seeded per well, and cells infected at an MOI of 1. At 24 hpi, cells were harvested, fixed with paraformaldehyde, and permeabilized using a 0.2% Triton solution. Cells were stained for p72. The percentage of p72 positive cells as determined by flow cytometry analysis is indicated. Panel. Mock-infected cells (a) NH/P68-infected PAM cell at the MOI 0.5 (b) NH/P68-infected PAM cell at the MOI 1 (c) NH/P68-infected 3D4/31 cell line at the MOI 1(d).

  Figure 15. I329L and A528R inhibit IFN at TRIF and IRF3 levels respectively (Ventura

Figure 14 .

 14 Figure 14. Intracellular p72 staining in PAMs cell. PAMs were seeded in a 24-well plate (2*10^5 cells per well) and infected with the attenuated (NH/P68) or the virulent (L60) ASFV strains at MOI 1. The viral inoculum was removed after one hour of incubation. Non-infected cells were used as a negative control. At 24 hpi, cells were harvested, fixed with paraformaldehyde, and permeabilized using a 0.2% Triton solution. Cells were stained for p72. The percentage of p72 positive cells as determined by flow cytometry analysis is indicated. Panel. Mock-infected cells (a) L60-infected PAM cell (b) NH/P68-infected PAM cell (c)
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 15 Figure 15. Relative expression of viral genes in NH/P68 and L60-infectedPAMs. PAMs were plated in a 24-well plate (2*10^5 cells per well) and infected with the attenuated NH/P68 or the virulent L60 strain of ASFV. Cells were harvested 24 hours after infection. RNA was extracted and used as a template to measure the levels of the p72 by RT-qPCR. qPCR reactions were performed in duplicates and mean CT values were used and normalized using the housekeeping gene B2M. The Y-axis represents the fold change in comparison to the L60 mRNA levels using the 2 -ΔΔCT method.

Figure 16 .

 16 Figure 16. Induction of interferon response in L60 and NH/P68-infected PAM cells. PAMs were plated in a 24-well plate (2*10^5 cells per well) and treated with 5 µM or 20 µM of STING inhibitor (H151) for 1 hour prior to infection. Cells were then infected with either the NH/P68 or L60 ASFV strains at MOI1. Untreated and uninfected cells served as a negative control. The inhibitor treatments were maintained throughout the experiment. 24 hours after infection, cells were harvested. RNA was extracted and used as a template for the indicated RT-qPCR assay. qPCR reactions were performed in duplicates and mean Ct values were used and normalized using the housekeeping gene B2M. The Y-axis represents the fold change of IFNβ in comparison to the NH/P68-infected PAMs (a) and IFIT1 levels in comparison to the untreated cells using the 2 -ΔΔCt method.

  macrophages (IPAMs), expressed quantifiable levels of IFI16 and TLR3 (Fig 10), which were efficiently knocked down by siRNA transfection. However, 3D4 cells expressed a low level of cGAS (Fig 9), which makes it difficult to quantify the baseline level of cGAS and to determine its direct or indirect contribution to ASFV sensing. Indeed, treating 3D4 with the cGAS inhibitor blocked CXCL2 induction levels after CT-DNA transfection (Fig 8), which is believed to activate the cGAS/STNG pathway, this indicates that the pathway is active but poorly expressed. Furthermore, 3D4 cells did not support ASFV productive infection (Fig 13), as evidenced by the absence of intracellular p72 protein. However, we observed an accumulation of the p72 transcript, which might indicate that the replication was aborted at a critical step in the replication cycle. This requires further investigation to clarify at what stage the ASFV replication cycle was aborted and
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Table 1 .

 1 siRNA oligonucleotide sequence.

	siRNA	siRNA sequence 5' 3'
	si-cGAS 604	CUGGAGAAGGUGAGGCUGA
	si-cGAS 1216	GAAGAAACAUGGAGGCUUU
	si-cGAS 1293	UGAAAUUGAUGGAGUGAAA
	si-IFI16 312	GCUGAAAGGAUUAGAGAAA
	si-IFI16 938	CAACAGAGCCAUUUGAAUA
	si-IFI16 1293	GAACACAGUCUAUGAAAUA
	si-TLR3 953	CAACACAAGCAUUGAGAAU
	si-TLR3 1069	GCUUAAGUGUGAUUGGUAA
	si-TLR3 2901	AGCACUUGGUUCCAGAAAU
	3.4.2 siRNA knockdown for IFI16 and TLR3 and inhibitor treatment.

Table 2 .

 2 PCR primers used in this study.

	Total RNA was extracted using Macherey Nagel Nucleospin reagent kits (NucleoSpin RNA Plus,
	Mini kit for RNA purification with DNA removal column (REF 740984.50)). RNA concentrations,
	260/280 and 260/230 ratios were determined using a Nanodrop. 500 ng of total RNA per sample
	was reverse transcribed into cDNA using BioRad iScript RT Supermix reagent kit (Batch
	644495965), with the Biorad T100 TM thermal cycler set at (25 o C for 5 minutes, 46 o C for 20
	minutes, 95

0 C for 1 minute). Realtime qPCR was performed using 2 µL of the cDNA (previously diluted 5 times in RNAse free water), as the template using BioRad iQ SYBR green Supermix kit (Cat 1708886) in a BioRad CFX manager 3.1 realtime qPCR machine, programmed as follows:

3min RT deactivation and Taq polymerase activation step at 95 o C, followed by denaturation at 95 o C for 15s, annealing at 60 o C for 40 s, and Melt curve at 58 o C for 0.05 secs to 95 o C increments for 5 sec. The relative mRNA levels were normalized to either GAPDH or B2M mRNA levels and analyzed using the 2 ΔΔCt method. Data are presented as mean fold change values relative to mock treatment. Primers used for specific genes are given in

Table 2
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