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African swine fever virus (ASFV), the aetiological agent of a devastating swine disease, has developed several strategies to replicate in porcine macrophages, its main target cells. In this work, we investigated the expression of 84 antiviral genes in macrophages infected with the virulent strain 26544/OG10 or the attenuated strain NH/P68. Infection with both strains caused an early activation of antiviral defenses, with up-regulation of RNA-sensing molecules and interferon-stimulating genes. However, as viral replication progresses, down-regulation of key inflammatory genes was observed, especially during infection with NH/P68, suggesting an impairment of macrophages' inflammatory response. Data generated provide a better portrait of ASFV immune evasion strategies.
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1 Introduction

African swine fever virus (ASFV) is the etiologic agent of an infectious haemorrhagic disease of suids that poses a threat to the swine industry worldwide (1). Since 2007, ASF has spread rapidly around the world, with outbreaks in Africa, Europe, Asia, Oceania, and the Caribbean, with disease control hampered by the lack of available vaccines or treatments (2). There is urgent need to better understand ASFV immune evasion mechanisms to contribute to vaccine development (1).

ASF viruses have been group into 24 genotypes based on the partial sequence of the gene B646L (1). All the genotype are present in Africa, whereas in Europe and Asia mainly genotype I and II have been circulated in the last decades (1, 3). In addition, in recent years highly virulent ASFV strains containing genetic elements of both genotypes I and II ASF viruses (Recombinant ASFV Genotype I/II Strain) were detected in China and in Vietnam (4, 5).

ASFV isolates, regarless of the genotype, mainly target porcine macrophages and virulent isolates has developed several strategies to replicate efficiently in its target cells by impairing their defense mechanisms (6). These decoy strategies are partially lost in attenuated strains. ASFV strains of diverse virulence has been previously reported to differently modulate the expression of several cytokines by infected macrophages, including proinflammatory cytokines and type I interferons (IFNs) (7–9).

In the present study, we expanded the analysis on other key antiviral genes. Indeed, the innate immune response is the main line of defense against viral infections and involves several antiviral genes whose expression is induced by type I IFNs, specifically interferon-stimulated genes (ISGs).

The production of type I IFNs is induced by pathogen recognition receptors (PRRs), which recognize components from pathogens called pathogen-associated molecular patterns (PAMPs).

PRRs include NOD-like receptors (NLRs), toll-like receptors (TLRs) and RIG-I-like receptors (RLRs) (10). NLRs are cytoplasmic receptors that recognize PAMPs and may also act as key regulators of apoptosis and early development (11). On the other hand, some TLRs (TLR1, −2, -4, -5,−6) are expressed on the cell membrane and recognize microbial lipopeptides or lipopolysaccharides, whereas others are intracellular (TLR3,−7,−8,−9) and sense nucleic acids.

TLR activation results in initiation of intracellular signaling cascades leading to inflammasome activation (12). Inflammasome activation triggers the release of pro-inflammatory interleukins, TNF and chemokines; the consequent inflammatory responses counteract the progression of invading pathogens (13). Finally, RLRs are key sensors of viral infection, which mediate transcriptional induction of type I IFNs and other antiviral genes, and whose activation early in infection induces expression not only of type I IFNs, but also of pro-inflammatory cytokines (14). RLRs include DDX58 (also called RIG-I) and IFIH1 (also called MDA5), which are RNA sensors. For both receptors, viral recognition is facilitated by the DHX58 regulator (10).

In this study, we carried out a comparative evaluation of the ability of two strains of ASFV to modulate expression of antiviral genes in porcine macrophages. Two strains of ASFV genotype I with different in vivo pathogenicity were compared. On the one hand, the attenuated NH/P68, capable of causing only mild clinical signs in domestic pigs, such as fever and joint swelling (14). On the other hand, the highly virulent Sardinian strain 26544/OG10, capable of causing death in 10–14 days when administered to domestic pigs at very low doses (10 TCID50) using an intramuscular inoculation route (De Mia, unpublished results). The expression of key cytokines, PRRs, transcription factor, ISGs and other factors involved in antiviral defenses were evaluated.



2 Materials and methods


2.1 Animals

Four clinically healthy crossbred pigs (Sus scrofa domesticus), 6 to 18 months of age, were used as blood donors. Animals were housed at the Experiment Station of Istituto Zooprofilattico Sperimentale (IZS) of Sardinia, and were screened for ASFV, porcine circovirus 2 (PCV2), porcine parvovirus (PPV), porcine reproductive and respiratory syndrome virus (PRRSV), and Mycoplasma hyopneumoniae, to confirm their negative status, as previously described (15). Animal handling and experimental procedures (bleeding) were authorized by the Ministry of Health (Ref. 1232/2020-PR).



2.2 Viruses

Working stocks of the virulent Sardinian 26544/OG10 strain (GenBank accession number KM102979) and the low virulence NH/P68 strain (GenBank accession number NC044943) were obtained by virus propagation in vitro on sub-confluent monolayers of 2-day-old monocytes/macrophage cultures, following previous protocols (16). Mock virus supernatants were prepared in an identical manner without viral addition. Viral titers were determined using previously described protocols, calculated using the Spearman–Kärber formula and expressed as TCID50/mL (7).



2.3 Generation of monocyte-derived macrophages and infection

Monocyte-derived macrophages (moMΦ) were obtained in vitro by cultivating blood monocytes in media supplemented with recombinant human M-CSF (hM-CSF) (Thermo Fisher Scientific, Waltham, MA, USA), as previously described (7). After 7 days in culture, moMΦ were detached, counted and seeded in 12-well plates. 24 h post-seeding, culture supernatant was removed and cells were infected with virulent strain 26544/OG10 or attenuated strain NH/P68, using a multiplicity of infection (MOI) of 1. Mock-infected controls were included in all the experiments.

Cells were cultured at 37°C 5% CO2. Virus inoculum was removed after 90 min of incubation, then moMΦ were washed with RPMI-1640 medium, and fresh RPMI-1640 supplemented with 10% FBS and antibiotics (cRPMI) was added to the wells (1.5 mL/well).



2.4 Gene expression analysis and flow cytometry

Cells were collected at 3 and 21 h post infection (hpi) for RNA extraction. RNA was extracted using a miRNAeasy Mini Kit (QIAGEN), then genomic DNA was digested using an RNase-Free DNase set (QIAGEN), and the concentration of RNA was determined using a Qubit 4 fluorometer (Thermo Fisher). Total RNA (500 ng) was used for cDNA synthesis using a RT2 First Strand Kit (QIAGEN). Real-time PCR was then conducted using an RT2 Profiler PCR Array for pig antiviral genes (QIAGEN, Cat. No. PASS-122Z). Data were normalized using the housekeeping genes present in the array (ACTB, B2M, GAPDH, HPRT1, and RPLP0). The relative gene expression levels compared to the mock-infected control were then calculated using the ΔCt method (2−ΔΔCt) (17). In parallel, intracellular levels of ASFV viral proteins (early p30 and late p72) were monitored at 21 hpi by flow cytometry, using a FACS Celesta (BD Biosciences), as previously described (7).



2.5 Statistical analysis

Flow cytometric data were analyzed using a BD FACS Diva Software, as previously described (7), whereas PCR array for 84 antiviral genes were analyzed using the Gene Globe Data Analysis Center available at QIAGEN (https://geneglobe.qiagen.com/us/analyze, accessed on 14 February 2025). Both flow cytometry assays and PCR arrays were measured on macrophage subsets generated using four blood donor pigs (four biological replicates). For each animal, three conditions were obtained: mock-infected NHV-infected, 26544/OG10-infected. For each ASFV strain, fold change in gene expression relative to the mock-infected control was calculated. The p values were calculated based on a Student's t-test of the replicate 2(−ΔCt) values for each gene in the mock-infected and ASFV-infected groups; statistically significant difference was set as p < 0.05. GraphPad Prism 10.01 (GraphPad Software Inc., La Jolla, CA, USA) was used to graphically analyze the data. The PCR array data were presented as a heat map.




3 Results

Using this experimental setup (MOI = 1), we observed that almost 80% of NH/P68-infected moMΦ and 60–70% of 26544/OG10-infected moMΦ presented early p30 protein of ASFV at 21 hpi (Figure 1). At the same time point, almost 60% of NH/P68-infected moMΦ and 40–50% of 26544/OG10-infected moMΦ expressed intracellular levels of late p72 protein of ASFV (Figure 1), in line with previously published studies (7). In Figure 2, expression levels of 84 key antiviral genes at 3 hpi (early time pi) are presented, whereas array results at 21 hpi (late time pi) are presented in Figure 3. In both figures, panel B shows a list of up-regulated (fold-change > 2) and down-regulated (fold change < 0.5) genes with statistical significance (p < 0.05).


[image: Figure 1]
FIGURE 1
 Intracellular levels of early and late viral protein in ASFV-infected moMΦ 21 h post-infection (hpi). Porcine moMΦ were infected with the attenuated NH/P68 or the virulent 26544/OG10, using a MOI of 1, alongside mock-infected controls. 21 hpi, intracellular levels of the early protein p30 and the late protein p72 of ASFV were analyzed by flow cytometry. Data from four independent experiments utilizing different blood donors are presented. NH/P68 and 26544/OG10 data were compared using an unpaired t-test; ***p < 0.001, ****p < 0.0001.
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FIGURE 2
 Modulation of 84 antiviral genes in moMΦ 3 h post-infection (hpi). Porcine moMΦ were infected with the attenuated NH/P68 or the virulent 26544/OG10, using a MOI of 1, alongside mock-infected controls. 3 hpi, macrophages were analyzed using the RT2 Profiler PCR Array for 84 antiviral genes. (A) The heatmap illustrates fold change expression of immune-related genes. Data from four independent experiments utilizing different blood donors are presented. For each ASFV strain, fold change in gene expression relative to the mock-infected control was calculated, and colors represent these fold changes: yellow represents the highest value, white the baseline value (fold change = 1), and blue the smallest value. (B) Statistically significantly up-regulated (fold change > 2, p-value < 0.05) and down-regulated (fold change < 0.5, p-value < 0.05) genes are presented, with the corresponding fold change and p-value.
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FIGURE 3
 Modulation of 84 antiviral genes in moMΦ 21 h post-infection (hpi). Porcine moMΦ were infected with the attenuated NH/P68 or the virulent 26544/OG10, using a MOI of 1, alongside mock-infected controls. 21 hpi, macrophages were analyzed using the RT2 Profiler PCR Array for 84 antiviral genes. (A) The heatmap illustrates fold change expression of immune-related genes. Data from four independent experiments utilizing different blood donors are presented. For each ASFV strain, fold change in gene expression relative to the mock-infected control was calculated, and colors represent these fold changes: yellow represents the highest value, white the baseline value (fold change = 1), and blue the smallest value. (B) Statistically significantly up-regulated (fold change > 2, p-value < 0.05) and down-regulated (fold change < 0.5, p-value < 0.05) genes are presented, with the corresponding fold change and p-value.


At 3 hpi, our data revealed that infection with both isolates produced an up-regulation of genes coding for molecules with strong antiviral activity such as IFNB1 (statistically significant for NH/P68, p = 0.027355) and three ISGs (MX1, OAS2, and ISG15), although the latter without statistical significance. Infection with both isolates resulted also in up-regulation of genes coding for two receptors sensing RNA (DDX58 and IFIH1), as well as the related regulator DHX58. For DDX58, statistical significance was observed only for 26544/OG10 (p = 0.004742) and a tendency was detected in infection with NH/P68 (p = 0.081272). At the same time point, 26544/OG10 infection resulted in increased TLR3 receptor, IRF7 transcription factor, and BCL2 expression (Figure 2). BCL2 is indeed a regulator of apoptosis and its early up-regulation should contribute to prevent apoptosis of infected cells (6). At 3 hpi, only few genes were down-regulated with fold-change < 0.5, including for both viruses genes encoding for chemokine receptor CXCR4 and for pyrin (MEFV), an important modulator of inflammation, although only CXCR4 with statistical significance (Figure 2).

At 21 hpi, our data revealed that infection with both isolates resulted in up-regulation of several key immune genes, some of which also expressed at 3 hpi. Prominent among these were IFNB1 and three ISGs (MX1, OAS2, and ISG15), the latter with a high fold-change (>50), but without statistical significance. Also at this time point, both isolates triggered up-regulation of genes coding for two receptors sensing RNA (DDX58 and IFIH1), as well as the regulator DHX58, although for IFIH1 and DHX58 statistical significance was only observed for 26544/OG10 (Figure 3). At 21 hpi, increased expression of the transcription factors STAT1 and IRF7 was also observed, the latter with significance for 26544/OG10 (p = 0.012102) and a tendency for NH/P68 (p = 0.099827) (Figure 3). Differences between strains were observed. Thus, the expression levels of DDX58, DHX58, IFIH1, MX1, and OAS2 decreased slightly as infection with 26544/OG10 progressed (higher fold-changes at 3 hpi compared to 21 hpi). In contrast, in the case of attenuated NH/P68, the fold-changes values of MX1, OAS2 increased slightly as infection progressed (Figures 2, 3). At 21 hpi, for IFNB1 we observed a fold-change > 261 for NH/P68, more than ten-fold higher than observed for 153 26544/OG10 (fold-change = 14.07), although without statistical significance (Figure 3). At 21 hpi several genes were down-regulated with fold-change < 0.5, especially in infection with NH/P68. Both strains significantly down regulated the genes encoding for the receptor TLR2 as well as the pro-inflammatory cytokine IL18 and LOC100522011. Infection with these viruses also resulted in down-regulation of MEFV, with statistical significance for 26544/OG10 (p = 0.027771) and a tendency for NH/P68 (p = 0.079195). Infection with NH/P68 also caused down-regulation of IFNAR1 and NLRP3 receptors, MYD88 adaptor proteins, as well as other molecules involved in modulating receptor signaling pathways (JUN, PELI1, TBK1, and TICAM2) (Figure 3). For NH/P68, a tendency was also observed for other intracellular receptors, such as NOD2 (p = 0.085491), TLR8 (p = 0.079816), and TLR9 (p = 0.099827), whereas for 26544/OG10 a tendency was observed only for NOD2 (p = 0.08878) (Figure 3).



4 Discussion

In this study, we analyzed the impact of ASFV infection on antiviral genes expression in porcine macrophages. Two strains with diverse virulence were compared: the highly virulent 26544/OG10 and the attenuated NH/P68, the latter able to induce good levels of protection to challenge with virulent isolates belonging to either genotype I and II isolates (14, 18). Expression of antiviral genes were evaluated at early stage post-infection (3 hpi) and at later time point (21 hpi). In line with our previous study, at 21 hpi almost 50% of porcine moMΦ infected with 26544/OG10 stained positive for the late ASFV viral protein p72, but the attenuated NH/P68 infected porcine moMΦ more efficiently than the virulent strain 26544/OG10 (7).

Our data revealed that infection with both strains resulted in high expression of several antiviral genes, including IFNB, some ISGs (MX1, OAS2, and ISG15), RIG-I receptors (DDX58 and IFIH1), as well as the regulator DHX58 and the transcription factor IRF-7, which corroborated an activation of the innate immune defense as early as 3 hpi. Our results are consistent with previous studies (9, 19), in which transcriptome analysis showed that infection of porcine alveolar macrophages with the virulent genotype II strain HLJ/18 (MOI = 1) or the attenuated HuB20 (MOI = 3) resulted in increased expression of cytokine-related genes and ISGs, including MX1, as well as the transcription factor STAT1 (9, 19). Nevertheless, in the same study researchers observed that expression of several antiviral genes correlating negatively with ASFV viral loads. In this sense, the expression levels of STAT1, which is a key transcription regulator of the type I IFN signaling, decreased alongside viral replication, suggesting that despite an initial activation of host defenses, increased replication of the HLJ/18 strain progressively suppressed cellular resistances (19). Similar results were observed with the virulent strain used in our study (26544/OG10), where expression levels for some key antiviral genes (DDX58, DHX58, IFIH1, MX1, and OAS2) decreased slightly as infection progressed. This was not observed for the attenuated NH/P68, where progression of the infection resulted in increased expression of MX1, OAS2, IFNB1. Regarding type I IFN, we and others had previously reported that ASFV triggered early up-regulation of IFNB (8, 20–22), albeit with differences between strains of different virulence. Thus, infection with the virulent genotype I Benin or genotype II Armenia/07 strains resulted in a mild increase in IFNB mRNA levels, whereas infection with the low virulence genotype I OURT88/3 or NH/P68 strain triggered a sustained up-regulation of this gene (21, 22). In agreement, in our study we observed a prominent increase of IFNB expression as infection with NH/P68 progressed (21 hpi), with a fold-change > 261, more than ten fold higher than that observed in infection with virulent strain 26544/OG10 at the same time-point. IFN-β is indeed a key mediator between the innate and adaptive immune response, thus its enhanced expression should translate into better control of virus dissemination in the host (6).

In parallel, we detected down-regulation of key inflammatory genes after infection with both NH/P68 and 26544/OG10. At 3 hpi, only few genes were down-regulated with a fold-change < 0.5, and among them only CXCR4 with statistical significance. This receptor is specific for the chemokine CXCL12, which possesses potent chemotactic activity for lymphocytes (23). Early down-regulation of this gene could hinder the recruitment of innate immune cells, which could delay the development of a protective immune response. In contrast to what occurred at 3 hpi, down-regulation of a greater number of genes was observed at 21 hpi. Both strains down-regulated the expression of TLR2, the pro-inflammatory cytokine IL18, and MEFV (significant only for 26544/OG10), the latter a gene encoding for pyrin, involved in the assembly of inflammasome complexes (24). Overall, down-regulation of these genes decreases host inflammatory and anti-microbial responses, facilitating the progression of invasive pathogens, such as ASFV. These data would be in line with previous studies in which infection of moMΦ with the virulent genotype II strain Georgia 2007 (MOI = 1) triggered a decrease in the expression of several TLRs, notably among these TLR2 and TLR4 (20). This study suggested that this fact compromised the ability of ASFV-infected macrophage to polarize toward a pro-inflammatory and anti-microbial phenotype (20). In the same study, infection of moMΦ with Georgia 2007 strain down-regulated other receptors, such as interferon receptors (IFNAR1, IFNAR2, IFNGR) and interleukin receptors (IL4R, IL10RA, IL10RB, and IL17RA), as well as transcriptomic factors (e.g., FOS, JUN, and TBK1) (20). Transcriptome analysis of ASFV-infected alveolar macrophages, in which the virulent genotype II strain HLJ/18 was used, also revealed strong inhibition of host immunity-related genes, including TLR2, TLR3, and TLR8 (25). Other studies, carried out with genotype I strains of different virulence (Benin 97/1, NH/P68, 22653/14) reported that ASFV down-regulated CD14 and CD16 expression in infected cells (7), likely impairing macrophage's anti-microbial activity (6). Therefore, studies on genes down-regulation following infection with high and low virulence ASFV strains suggest an impairment of macrophage anti-viral activity, which might facilitate virus replication within these cells, with recruitment of elements of the macrophage translation machinery to viral factories and production of new infectious particles (6).

Of note, infection with the attenuated NH/P68 strain also resulted in a more marked down-regulation of antimicrobial genes at 21 hpi compared to virulent strain 26544/OG10. Specifically, JUN, IFNAR1, MYD88, NLRP3, PELI1, TBK1, and TICAM2 were statistically significantly down-regulated. As in the present study, it has previously been shown that NH/P68 presented a more pronounced inhibitory effect compared to other virulent genotype I strains (such as the Sardinian 22653/14), a fact that might be related to the higher replication efficiency of NH/P68 early after infection compared to strains of higher virulence (7). In the context of attenuated strain infections, down-regulation of certain genes involved in the inflammatory response could also be related to the control of inflammatory signaling pathways in infected macrophages, which would control the cytokine storm and minimize the tissue damage, features that, however, characterize infections by highly virulent strains “in vivo.”

Taken together, our data highlighted that infection with both the attenuated strain NH/P68 and the virulent strain 26544/OG10 resulted in early activation of innate immune defenses. Nevertheless, expression of some of these antiviral genes decreased as replication of the virulent 26544/OG10 progressed, but that was not observed for the attenuated NH/P68. In parallel, infection with either strain resulted in down-regulation of several antiviral genes, suggesting that infection progressively impair macrophage's defenses allowing viral replication. At 21 hpi, infection with the attenuated NH/P68 strain triggered a more marked down-regulation of pro-inflammatory genes compared to the virulent 26544/OG10 strain, as well as a more sustained increased in IFNB expression. That might contribute to better infection control and a non-exacerbated inflammatory response, avoiding the development of the “cytokine storm” and related tissue damage often observed during acute infection with virulent isolates. The data generated in the present study will provide a better portrait and understanding of ASFV immune evasion strategies, which is expected to contribute in the rational design of safe and efficient ASFV vaccines.
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