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Abstract

:

African swine fever virus is currently present in all of the world’s continents apart from Antarctica, and efforts to control the disease are hampered by the lack of a commercially available vaccine. The Babraham large white pig is a highly inbred line that could represent a powerful tool to improve our understanding of the protective immune responses to this complex pathogen; however, previous studies indicated differential vaccine responses after the African swine fever virus challenge of inbred minipigs with different swine leukocyte antigen haplotypes. Lymphocyte numbers and African swine fever virus-specific antibody and T-cell responses were measured in inbred and outbred animals after inoculation with a low virulent African swine fever virus isolate and subsequent challenge with a related virulent virus. Surprisingly, diminished immune responses were observed in the Babraham pigs when compared to the outbred animals, and the inbred pigs were not protected after challenge. Recovery of Babraham pigs after challenge weakly correlated with antibody responses, whereas protective responses in outbred animals more closely correlated with the T-cell response. The Babraham pig may, therefore, represent a useful model for studying the role of antibodies in protection against the African swine fever virus.
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1. Introduction


African swine fever virus (ASFV) is a large double-stranded DNA virus that causes a lethal haemorrhagic disease in domestic pigs and wild boar. Case fatality rates approach 100% after infection with virulent isolates; however, infection with attenuated viruses obtained from the field or generated by targeted gene deletion can show a much less severe disease course, and in many cases, recovered animals are fully protected from subsequent challenge with related virulent viruses [1,2,3]. Twenty-four ASFV genotypes (I through XXIV) have been identified based on sequencing of 400 bp of the 3′ end of the B646L gene within the 170 to 190 kbp viral genome [4]. In addition, at least eight serogroups have been characterised through a series of cross-protection experiments, the results of which correlate with the sequences of the EP402R and EP153R genes [5,6,7]. However, ASFV genotypes are poor predictors of cross-protection [8,9,10], and serogroups do not explain the protection afforded by live attenuated viruses (LAV) that lack the genetic loci responsible [3,8,10,11,12].



Infection of pigs with attenuated viruses induce both cellular and humoral immune responses [13], and evidence exists for the importance of both arms of the adaptive response for protection [14,15,16,17,18]. LAV-immunised pigs typically have circulating T-cells capable of secreting cytokines [19], proliferating in response to recall antigen [20] and ASFV-specific cytolytic activity [21,22]. Antibodies capable of neutralising a virus [23], lysing infected cells via antibody-dependent cellular cytotoxicity (ADCC) [24] or complement-dependent cytotoxicity [25] and inhibiting the haemadsorption of erythrocytes to infected macrophages [5] have been described. Nevertheless, the relative importance of these effector responses in protection is unclear, and matters are complicated by the different combinations of viruses used for immunisation and challenge. Depletion of CD8α cells from pigs immunised with the low virulent, non-haemabsorbing genotype I OUR T88/3 isolate abrogates protection afforded against the highly virulent genotype I OUR T88/1 isolate [18]. In addition, the secretion of IFNγ in response to the recall antigen correlated to protection mediated by OUR T88/3 against virulent genotype I and genotype X viruses [8]. In contrast, the protection afforded by the E75-CV1 haemabsorbing genotype I virus against homologous and heterologous challenges correlated with the proliferation of CD8 cells, not IFNγ secretion [9]. Experiments with a non-haemabsorbing genotype I BA71ΔCD2v virus, generated by targeted gene deletion, strongly suggested a role for the cellular immune response in heterologous protection [10,12]. However, the ASFV-specific antibody response more closely correlated to protection than the ASFV-specific cellular immune response in pigs inoculated with the genotype XX gene deleted Pretoriuskop/96/4Δ9GL virus [26]. In passive transfer experiments, ADCC activity correlated positively with clinical outcomes against heterologous challenge (genotype I serum, genotype X challenge), although the authors were unable to measure other ASFV-specific antibody effector functions [16]. Passive transfer of serum from E75-CV1-immunised and E75-challenged pigs protected naïve animals from severe disease [17], and colostrum from sows or serum from pigs recovered from the genotype I Dominican Republic 1979 isolate of ASFV protected neonatal pigs from homologous challenge [15].



Taken together, these data suggest that both cellular and humoral responses play a role in the protective response against ASFV, but teasing apart the relative importance of different effector mechanisms is difficult due in part to the variety of different model systems employed to study them. This relatively poor understanding of the immune responses required for protective immunity restricts the development of both LAV and subunit vaccines against ASF. The Babraham Large White pig is a highly inbred line of approximately 85% homozygosity [27] that are sufficiently inbred to permit adoptive transfer experiments [28,29,30]. Swine leukocyte antigen class I (SLA-I) tetramers for SLA-1*14:02 and SLA-2*11:04 have been developed and used to quantify the magnitude and kinetics of the T-cell response to influenza in Babraham pigs [31,32]. We have recently characterised the breadth of the T-cell response to ASFV infection in Babraham pigs [33], and therefore, this inbred line could be used for a detailed analysis of the protective immune response to ASF. However, previous experiments with NIH minipigs suggested that the SLA haplotype may play a role in protection as NIH dd minipigs were fully protected against OUR T88/1 challenge after OUR T88/3 inoculation, whereas the NIH cc line was not [18]. An immunisation and challenge experiment was, therefore, carried out to test the OUR T88/3–OUR T88/1 model in the Babraham line and examine lymphocyte dynamics and immune responses after immunisation and challenge in detail.




2. Materials and Methods


2.1. Animal Studies


Animal experiments were carried out under the Home Office Animals (Scientific Procedures) Act (1986) (ASPA) and were approved by the Animal Welfare and Ethical Review Board (AWERB) of The Pirbright Institute. The animals were housed in accordance with the Code of Practice for the Housing and Care of Animals Bred, Supplied or Used for Scientific Purposes, and bedding and species-specific enrichment were provided throughout the study to ensure high standards of welfare. Through careful monitoring, pigs that reached the scientific or humane endpoints of the studies were euthanised by an overdose of anaesthetic. All procedures were conducted by Personal License holders who were trained and competent and under the auspices of Project License PPL70/8852.



Seven female (animals 896, 905, 906, 907, 910, 914 and 917) and ten male (897, 899, 900, 908, 909, 911, 912, 913, 915 and 916) fifteen-week-old Babraham pigs were bred at Animal Plant Health Agency, APHA Weybridge, UK. Twelve pigs were randomly assigned to a group that were immunised with low virulent OUR T88/3, and the remaining five were inoculated with phosphate buffer saline. Eight-week-old outbred female Landrace × Large white × Hampshire pigs were obtained from a high health farm in the UK. Lameness in pig AV78 was treated with 0.04 mL/kg penicillin/streptomycin and 0.02 mL/kg meloxicam (Metacam) for three days, followed by a single injection of 7.5 mg/kg enrofloxacin (Baytril). Scoring of clinical signs and macroscopic lesions assessed at post-mortem were as described previously [8,34].




2.2. Cells and Viruses


Tissue-culture adapted Ba71v [35], low virulent OUR T88/3, virulent OUR T88/1 [36] and virulent Georgia 2007/1 [37] ASFV strains were cultured and titrated using end point dilution on bone-marrow-derived macrophages as described previously [33]. Challenge doses for animal experiments were confirmed by back titration. Virus in the blood and tissues was titrated using quantitative PCR [38]. Peripheral blood mononuclear cells (PBMC) were prepared from heparinised blood using Histopaque and cultured in RPMI, GlutaMAX, HEPES supplemented with 10% foetal calf serum, 1 mM sodium pyruvate, 50 µM 2-mercaptoethanol, 100 IU/mL penicillin and 100 µg/mL streptomycin (RPMI/10).




2.3. ELISA


Fixed cell ELISA on Ba71v infected Vero cells and sandwich ELISA against IFNα were carried out as previously described [33,39]. A competitive ELISA against ASFV p30 was obtained from Innovative Diagnostics (Grabels, France) (ASFC-5P) and porcine IL-10 sandwich ELISA from Thermo Scientific (KSC0101). Levels of IFNα, TNFα, IFNγ, IL-1β, IL-10, IL-12p40, IL-4, IL-6 and IL-8 were analysed using Cytokine and Chemokine 9-Plex Porcine ProcartaPlex™ Panel 1 (Thermo Fisher Scientific, Waltham, MA, USA) on a Bio-Plex 200 System (BioRad Watford, UK).




2.4. ELISpot


Interferon gamma (IFNγ) ELIspot was carried out as described [33]. Briefly, peripheral blood mononuclear cells were incubated overnight on multiwell plates coated with capture antibody in the presence of virus, mock inoculum, PHA or media alone. The following day spots were visualised using biotinylated anti-IFNγ antibody and streptavidin alkaline phosphatase. Spots were counted using an S6 Immunospot Analyser (Cellular Technology Limited (Shaker Heights, OH, USA) and converted to the number of spot forming cells per million cells.




2.5. Flow Cytometry


2.5.1. Whole Blood Labelling


Whole blood labelling was carried out using a two-step wash protocol in 15 mL Falcon tubes. Primary antibodies (Supplementary Tables S1 and S2, Supplementary Figures S1 and S2) diluted in flow buffer (Ca/Mg free PBS with 2% heat-inactivated foetal calf serum) were added in a 50 µL volume to 100 µL of blood, incubated for 15 min at room temperature and then washed twice with flow buffer. Secondary antibodies diluted in flow buffer were added in a 50 µL volume for 15 min at room temperature. In total, 2 mL of RBC Lysis/Fixation Solution (BioLegend, San Diego, CA, USA) was added to each sample for 30 min at room temperature in the dark. Finally, cells were washed twice more with flow buffer before resuspending in a final volume of 500 μL before running on a MACSQuant Analyser 10 (Miltenyi Biotec, Bergisch Gladbach, Germany) and analysing the data (Supplementary Figures S1 and S2) using FlowJo 10 (Becton, Dickinson and Company, Franklin Lakes, NJ, USA).




2.5.2. Intracellular Cytokine Staining


One million PBMC in RPMI/10 at 5 × 106 cells/mL were incubated overnight in 96 U-bottomed plate wells with media alone, 5 × 105 HAD of the indicated virus (OUR T88/1 or Georgia 2007/1) or an equivalent volume of mock inoculum. Fresh media supplemented with brefeldin A (5 μg/mL, BioLegend) was then added to cells the following morning, along with phorbol 12-myristate 13-acetate (100 ng/mL, (Merck Life Science UK Limited, Gillingham, Dorset, UK) and ionomycin (2 µg/mL, Merck) to the positive controls. After a further 4 h incubation, cells were stained for flow cytometry using panels shown in Supplementary Tables S3 to S5. All staining was carried out in a 50 µL final volume of flow buffer supplemented with 0.2% sodium azide (Supplementary Tables S3–S5). In total, 100,000 live lymphocytes were collected using an LSR Fortessa (Becton, Dickinson and Company), and data were analysed using FlowJo 10 (Supplementary Figures S3–S5).




2.5.3. Proliferation Assays


PBMC were washed twice with PBS and then resuspended in PBS containing 5 μM Cell-Trace Violet (Thermo Fisher) and incubated for 20 min at 37 °C. Dye was quenched with ten volumes of warm RPMI/10, cells then pelleted by centrifugation and one million cells plated out in 100 µL with and without antigen, as described above. Cells were stained for flow cytometry five days later as above, using the panel shown in Supplementary Table S6. Flow cytometry data were analysed using FlowJo 10 (Supplementary Figure S6).





2.6. Statistics


Statistical analysis was carried out using Prism GraphPad 9. Unless stated otherwise, a repeated measures (RM) mixed effect model with Sidak’s multiple comparisons test was used to test for statistical differences within and between groups of Babraham animals immunised with PBS (n = 5) or OUR T88/3 (n = 12). An RM mixed effect model with Sidak’s multiple comparison test was also used to test for statistical differences within and between Babraham pigs immunised with PBS (n = 5), those that were immunised with OUR T88/3 and recovered after challenge (n = 5) and those that did not recover (n = 7). Data points between 0 and 23 days post immunisation with OUR T88/3 were used for these analyses when all groups contained at least four data points. Analysis of CD21+ cell numbers within the groups of animals that were fully protected was undertaken using one-way ANOVA.





3. Results


3.1. Large-White Inbred Babraham Pigs Are Not Protected by Immunisation with OUR T88/3


Twelve inbred Babraham pigs were immunised with 10,000 TCID50 of ASFV OURT88/3 by the intramuscular route, and five control animals were immunised with a sham inoculum. Pig 912 developed swelling on one joint 14 days after immunisation, but this did not lead to lameness or develop into a necrotic lesion. After 18 days, all pigs were challenged intramuscularly with 10,000 HAD50 of ASFV OURT88/1. Following challenge, all animals showed non-specific clinical signs such as raised body temperature (Figure 1A, Figure S7A–C), inappetence and lethargy (Figure 1B, Figure S7D–F). All of the controls and seven of the immunised animals reached their humane endpoint between five and seven days after challenge (22–24 days post-immunisation), while the remaining five immunised animals recovered and were clinically normal at the end of the experiment, 17 days post-challenge. Four days post-challenge, the animals that ultimately recovered had slightly lower clinical scores than both the controls (p = 0.0139) and those that did not recover (p = 0.0296; RM two-way ANOVA). Non-specific pathological signs and macroscopic lesions commonly seen in animals suffering acute ASF were observed in pigs at post-mortem that reached humane endpoints, including hydropericardium, ascites, hyperemic splenomegaly and lymphadenopathy. Haemorrhagic lymphadenopathy was observed in the gastro-hepatic and renal lymph nodes in some animals. No differences were observed between the controls and the immunised animals that were euthanised between four and six days post-challenge. All of the animals were viraemic after challenge with OUR T88/1 (Figure 1C, Figure S7G–I). Control animals showed higher viral load in the bloodstream than immunised animals regardless of clinical outcome, and recovered pigs did not clear the virus and were still viraemic at the end of the experiment. There was no correlation between the clinical outcomes and the sex of the animals (p = 0.3444 Log-rank (Mantel–Cox) test)).



To understand the effect of immunisation and challenge on T-cell dynamics, numbers of different blood cell types were determined by flow cytometry (Figure 2). Antibody against CD3 was used to identify T-cells and the combination of antibodies against CD4, CD8α, CD25 and the γδ T-cell receptor (TCR) were used to identify γδ T-cells (CD3+γδTCR+), naïve CD4 cells (CD3+γδTCR-CD4+CD8α-), antigen-experienced CD4 cells (CD3+γδTCR-CD4+CD8α+), activated and regulatory CD4 T-cells (CD3+γδTCR-CD4+CD25+). Antibody against CD8α also allowed the discrimination of populations that include CD8 cytotoxic lymphocytes (CD3+γδTCR-CD8α+CD4-) and NK cells (CD3-CD8α+). Anti-CD21 was used separately to assess changes in conventional B-cells [40]. Granulocytes, T-cells and CD21+ cells in the circulation did not change in Babraham pigs after immunisation with OUR T88/3 or PBS control. Although there appeared to be a trend towards elevated numbers of CD3-CD8α+ cells 14 and 18 days post immunisation, no differences were observed between control and immunised animals at any time point, suggesting this was due to natural variation. After challenge, the numbers of circulating granulocytes did not change significantly; however, numbers of most other cell types began to decrease three and four days post-challenge (21 to 22 days post immunisation), concomitant with the appearance of clinical signs. Numbers of CD21+ cells appeared to increase in the control group relative to the numbers at challenge; however, due to the variation in the data, this was not significantly different from the immunised pigs (RM two-way ANOVA). Lower numbers of circulating cells generally correlated with clinical signs; for example, pigs 906 and 911 (control) and 896 and 914 (immunised) were the first to show clinical signs and had lower numbers of T-cells and CD3-CD8α+ cells. Likewise, 899 had relatively few clinical signs and maintained numbers of T-cell numbers throughout. Cell numbers recovered to similar levels to those found prior to challenge in the animals that recovered.



Individual CD3+ T-cell subsets followed similar patterns to total CD3+ cells (Figure 3; Figure S8), although elevated numbers of both activated and memory T-cells (CD4+CD8α+) and populations that include cytotoxic lymphocytes (CD8α+ CD4-) were observed two weeks post-challenge (Figure 3B,D). Increased numbers of CD4+CD8α+ cells were observed in the immunised animals when compared to the controls between 10 and 20 days post immunisation (M-EA, p = 0.0259 to 0.0002); however, differences were not seen between the animals that recovered and those that did not when they were analysed as separate groups. No trends in numbers of CD4+CD25+ cells, which include regulatory T-cells (Figure 3C), or γδ TCR+ or γδTCR+CD8α (Figure S2A,B) were observed other than the general decrease after challenge. The percentage of CD8α+ γδTCR+ cells increased as a proportion of the total number of γδT-cells in some animals after challenge (Figure S2C), but this was not significant and is likely linked to the overall lymphopenia. Further attempts to subdivide cell populations with CD25 did not reveal any trends that related to the clinical outcomes (not shown).



ASFV-specific cellular immune responses were detected 10 days post immunisation by IFNγ ELIspot (Figure 4A) and the phenotype of responding cell types determined by flow cytometry prior to challenge. The main secretors of IFNγ and TNFα were CD8α+CD4- T-cells (Figure 4B), CD8αCD4+ T-cells (Figure 4D) and CD3-CD8α+ cells (Figure 4E), and no responses were seen from γδ T-cells (Figure 4F). No responses were seen to ASFV in control animals, and no differences were observed in any cell types between animals that survived challenge with virulent OUR T88/1 and those that did not. Attempts to further subdivide T-cells based on expression of CD8β did not reveal any patterns related to clinical outcome (Figure 4C). This showed that, unlike in outbred pigs [8], secretion of IFNγ in response to recall antigen did not predict protection in inbred Babraham pigs immunised with OUR T88/3. ASFV-specific antibody responses determined with a competitive ELISA against the highly immunogenic CP204L/p30 protein (Figure 5A) suggested slightly higher antibody responses in immunised pigs that recovered after challenge, and this was confirmed by fixed cell ELISA (Figure 5B).



Experiments with OUR T88/3 deletion mutants suggested a link between survival after challenge and levels of IL-10 in the serum [41]; however, very little IL-10 was detected before challenge or three days later (Figure S9). Two of the control animals (906 and 911) had IFNα in the serum, and these were the two animals that had the highest viraemia at that time (7.9 log10 genome copies/mL). Luminex analysis did not reveal any other cytokines in the serum (not shown), and this suggested that cytokine levels in the circulation did not explain or correlate with the difference in the observed clinical outcomes.




3.2. OUR T88/3 Induces High Levels of Protection against Genotype I, but Not Genotype II, Challenge in Outbred Pigs


The failure of OUR T88/3 to induce protection in Babraham pigs was unexpected, and therefore, to confirm these findings, the immunisation and challenge protocol was repeated in outbred pigs. A group of eight animals were immunised with 10,000 TCID50 of ASFV OURT88/3 by the intramuscular route. One pig (AV78) had slightly elevated temperatures compared to the others (Figure 6A) and thirteen days after immunisation had developed swelling on the joint of the front left leg and a swollen popliteal lymph node on the rear left leg (Figure 6B). AV78 then became lame on the rear leg, which did not respond to treatment and, therefore, was euthanised 20 days post immunisation. Necropsy confirmed hyperplasia of the popliteal and inguinal lymph nodes, but no other macroscopic lesions and subsequent analysis demonstrated the animal was viraemic (Figure 6C). It is, therefore, likely that AV78 suffered from chronic ASF.



The remaining seven pigs were then challenged with 10,000 HAD50 of ASFV OURT88/1 twenty-one days after immunisation with OUR T88/3. Three animals (AV74, AV75 and AV77) showed non-specific clinical signs such as high temperature, lethargy and inappetence three days post-infection; however, for AV74 and AV75, this lasted a single day. However, humane endpoints for AV77 were reached six days post-challenge, and the animal was euthanised. Viraemia in AV74 and AV75 reached a peak of 103.7 and 103.2 genome copies/mL eight days post-challenge, whereas AV77 had viraemia of 107.2 genome copies/mL at termination.



To test heterologous protection between genotype I and genotype II the surviving six pigs, along with three naïve animals, were then challenged with 1000 HAD50 virulent Georgia 2007/1 twenty-one days after challenge with OUR T88/1. All of the animals began to develop clinical signs between four and seven days post-infection. All the naïve animals, as well as AV74, AV75 and AV79, reached their humane end point six and seven days post-challenge and had macroscopic lesions typical for acute ASF. AV72 showed four days at 40 °C or above but only one day of high fever and inappetence. AV73 and AV76 had body temperatures close to or above 40 °C for up to a week but only showed one or two days when they were disinterested in food. All three animals were clinically normal when the experiment was ended three weeks after the Georgia 2007/1 challenge. AV73 and AV76 survived Georgia 2007/1 challenge but with prolonged clinical signs showing significant lung haemorrhage and congestion; AV76 also suffered moderate hyperemic splenomegaly.



All of the animals challenged with Georgia 2007/1 became viraemic, with the naïve pigs reaching 107.8 to 108.1 genome copies/mL. Animals that were not protected showed lower viraemia (105.4 to 105.2) than the controls six days post-challenge, and the maximum viraemia in the animals that survived challenge with Georgia 2007/1 challenge was 104.7. AV72, which showed only transitory clinical signs after Georgia challenge, had a maximum titre of 101.5, showing a rough correlation between viraemia and clinical outcome. The degree of protection against OUR T88/1 did not predict subsequent protection against Georgia 2007/1 as AV74 and AV75 showed transient clinical signs and were viraemic after challenge with OUR T88/1, but AV79 did not.



Numbers of circulating granulocytes, CD21+, CD3+ and CD3-CD8α cells (Figure 7) followed similar patterns to those seen in the Babraham animals. Granulocytes were relatively unaffected after immunisation and the subsequent challenges, and AV78, which suffered chronic ASF, had a higher numbers of granulocytes than the other animals both before and after immunisation. Numbers of other cell types decreased in animals showing clinical signs after challenge and were elevated in those that were recovering and were still viraemic from ASF. There was no increase in circulating CD21+ cells in naïve outbred animals after challenge with Georgia 2007/1, which differed from that seen in the control Babraham animals infected with OUR T88/1. Increases in circulating CD3 cells in animals AV74 and AV75 (Figure 7C) after challenge could be accounted for by the elevated numbers of both CD4+CD8α+ (Figure 8B) and CD8α+CD4- (Figure 8D) cells. Unfortunately, whole blood labelling for γδTCR failed, and therefore, it is possible that an increase in these cells also contributed to the increase in total CD3+ cells, but this did not occur in Babraham pigs recovering from OUR T88/1. Numbers of CD8α+CD4- cells, but not CD4+CD8α+ cells, were elevated in the three surviving animals 15 days post-challenge with Georgia 2007/1.



ELISA showed that all of the immunised animals developed antibody responses to p30/CP204L, but the percentage blocking in animal AV77 did not reach the levels seen in the other animals (Figure 9A). This was confirmed by titration on fixed infected cells as ASFV-specific antibody titres in AV77 were at least four-fold lower than in the other pigs (Figure 9B). There was an increase in ASFV-specific antibody titres in most of the animals that survived both the OUR T88/1 and Georgia 2007/1 challenge (Figure 9B). As well as poor antibody responses, AV77 also failed to mount a robust cellular immune response with low numbers of ASFV-specific IFNγ secreting cells compared to the other animals (Figure 10A); this was reflected in lower ASFV-specific CD4+CD8α+ and CD8αCD4- cells (Figure 10B,C). However, there was no clear difference in the measured immune responses of animals AV74 and AV75, which were viraemic and showed clinical signs after OUR T88/1 challenge, when compared to the other four animals that did not. Pre-OUR T88/1 challenge antibody titres (p = 0.0151, Welch’s t-test) and ASFV-specific IFNγ secreting cells (p < 0.0001, Welch’s t-test) were lower in the Babraham pigs that were immunised with OUR T88/3 compared to the outbred animals. Challenge with OUR T88/1 did not lead to a significant increase in antibody titres or circulating ASFV-specific IFN-γ secreting cells (not shown).



No differences were detected in the measured antibody responses prior to Georgia challenge between the animals that survived and those that did not (Figure 9). However, differences were observed between the cellular immune responses, with the animal showing the best clinical picture (AV72) having higher total numbers of ASFV-specific IFNγ secreting cells prior to challenge than the other animals (Figure 10D). Although analysis of the ELIspot data did not reveal differences between the animals that survived and those that did not when analysed as a group, differences were observed in individual T-cell subsets. Higher percentages of ASFV-specific CD4+CD8α+ and CD8αCD4- cells (Figure 10E,F), as well as more robust proliferation (Figure 10G,H), were observed in animals that recovered after Georgia challenge when compared to those that did not. Further analysis of T-cell subsets based on labelling for CD25, CD62L and CCR7 to identify effector T-cells did not reveal additional patterns relating to the clinical outcome with respect to Georgia challenge (Figure S10). A slightly higher proportion of CD4+CD8α+ cells were also CD62L+ in animals AV74 and AV75 that were still viraemic at challenge; however, this was not mirrored in the expression of CCR7. The majority of ASFV-specific CD4+CD8α+ T-cells did not express either CD62L or CCR7 consistent with classification as effector T-cells.





4. Discussion


Inbred animals are valuable tools for studying infectious diseases and have the potential to reduce the number of animals required to obtain a given scientific objective, a key part of the 3Rs. However, it is important to ascertain whether the inbred line is representative of the wider outbred population and in the context of ASFV, we have demonstrated that the Babraham pigs behave atypically when compared to outbred animals.



Immunisation with OUR T88/3 protected six out of seven outbred pigs after challenge with OUR T88/1, whereas all of the Babraham pigs exhibited clinical signs, and seven out of twelve reached their humane endpoint. Principle differences between the two experiments were that the Babraham pigs were challenged three days earlier than the outbred animals and the Babraham pigs were 15 weeks old when immunised, whereas the outbred animals were 8 weeks old. The timing of the challenge is unlikely to explain the differences, as immunisation with genotype I strain 1455 [42] or Pretoriuskop/96/4Δ9GL [26] showed protection against parental challenge from 14 days post-immunisation. In the limited number of studies available, older age tends to correlate with better outcomes following ASFV infection [43,44,45,46], and although similar experiments with vaccinated animals have not been performed, it seems age is also unlikely to explain the differences we observed. Magnitude and kinetics of viraemia and clinical signs after challenge with OUR T88/1 of the control group of Babraham pigs immunised with PBS were comparable to previous data obtained in outbred pigs immunised with replication-deficient adenovirus expressing GFP [33,47]. The pigs immunised with the adenoviruses were of a similar age to the Babraham pigs when challenged, and therefore, there is no suggestion that Babraham pigs were more susceptible or sensitive to ASFV. The outbred and Babraham pigs were not bred on the same farm, and therefore, it is possible that environmental factors could play a role in the differences in the performance of OUR T88/3, as has been seen previously with pigs of different health statuses [48,49,50,51]. However, viral shedding and immune responses after influenza A virus infection in Babraham pigs were indistinguishable from those in outbred pigs [32] and health status plays a role in influenza progression in pigs [52,53].



Therefore, taken together, it seems likely that the difference in clinical outcome after challenge with OUR T88/1 was due to the quality of the immune response induced in the Babraham line compared to the outbred animals. Therefore, host genetics may play a role in the differences observed, and the Babraham pigs and NIH cc minipigs [18] represent two inbred models that behave atypically after immunisation with the low virulent OUR T88/3 isolate. ASFV-specific antibody and T-cell responses were generated in both Babraham and outbred pigs after immunisation with OUR T88/3. However, both ASFV-specific antibody titres and IFNγ secreting cells were lower in the Babraham pigs than in outbred animals prior to challenge with OUR T88/1. As influenza-specific immune responses in Babraham pigs are broadly comparable to those seen in outbred animals [32], it would be interesting to see if ASF-specific immune responses induced by other attenuated strains of ASFV or pools of adenovirus [33,47] produced similar results in Babraham pigs to those seen in outbred animals.



Numbers of circulating lymphocyte populations in both Babraham and outbred pigs prior to challenge were broadly similar to analogous cell types characterised in a detailed study of naïve outbred Landrace × Large White × Pietrain pigs [54]. Some differences of note were observed though; Talker et al. reported ~3 × 106 CD3+CD4+ cells between 5 and 25 weeks of age, whereas we saw approximately 1.2 × 106 CD3+CD4+ cells in the outbred animals and less than 1 × 106 in the Babraham pigs. Likewise, we report approximately 2 × 105 CD8α+CD4- cells in the Babraham pigs, whereas Talker et al. reported 1.5 × 106 CD3+CD8α+CD8β+ cells/mL, and by gating on CD8αhi cells, we identified approximately 1 × 106 cells/mL in the outbred animals (not shown).



Most classes of mononuclear cells diminished in the number of pigs suffering clinical signs of ASF and then recovered along with the animals. This was consistent with previous reports of lymphopenia in pigs infected with a number of different ASF isolates [44,55,56,57]. No decreases in the number of circulating lymphocytes were observed after immunisation with OUR T88/3, which contrasts with a temporary decrease in pigs infected with the attenuated E75-CV1 and moderately virulent Estonia 2014 strain [56,58]. Infection of domestic pigs with the genotype I non-haemabsorbing NHP/68, which is 99.99% identical to OUR T88/3 [59], induced enhanced levels of NK activity in animals that were ultimately protected from virulent challenge [11]. Although we did not see an increase in the absolute number of circulating CD3-CD8α+ NK cells in either Babraham or outbred pigs, we did not include markers such as CD16 that would enable us to precisely identify NK cells or their activation status [60] and, therefore, cannot rule out a role in the clinical outcomes in our studies. Recent data have shown that numbers of iNKT cells increase after infection with virulent ASFV [61], and it would be interesting to examine both NK and NKT cells in the context of immunisation and challenge.



Babraham pigs immunised with OUR T88/3 exhibited increased numbers of CD4+CD8α+ compared to the control group, and this became particularly apparent in the first few days after challenge. Numbers of CD4+CD8α+ cells then began to drop as clinical signs became evident. This was in contrast to previous data with the virulent Armenia strain of the virus, where elevated numbers of CD4+CD8α cells were observed five days post-infection [57]. We did not see elevated numbers of these cells in either control Babraham pigs challenged with OUR T88/1 or in the naïve outbred pigs challenged with Georgia 2007/1. Although the Armenia strain of ASFV is practically identical to the Georgia 2007/1 strain, different challenge models were used with Hühr et al. using oronasal infection, which would more closely mirror natural pig-to-pig transmission as opposed to the intramuscular challenge reported here. The experiments with Armenia showed clear lymphopenia, and therefore, it is interesting that a different challenge model showed a markedly different effect on this particular cell type.



CD8α+CD4- and CD4+CD8α+ T-cells were the predominant subclass of cells secreting IFNγ after stimulation with challenge virus. Elevated numbers of both cell types were observed in both Babraham pigs and outbreeds recovering from OUR T88/1; interestingly, high numbers of either cell type were not seen in the three outbred animals that recovered from Georgia. Numbers of ASFV-specific IFNγ secreting cells measured by ELISpot or ICS did not predict protection against OUR T88/1 in the Babraham pigs or outbred pigs, as AV74 and AV75 both showed clinical signs and had comparable responses to AV76 and AV79 that did not. However, there were clear differences in the cellular responses of outbred pigs that survived Georgia compared to those that did not, and these were most clearly observed in the response from CD8α+CD4- cells. Notably, the secretion of cytokines by CD8α+CD4- cells after stimulation with OUR T88/1 twenty-one days post immunisation predicted protection against Georgia 2007/1 as well as the pre-Georgia ICS and proliferation assays. Our results are consistent with the results of Monteagudo et al. in that proliferation of CD8α+CD4- cells provided the best prediction of inter-genotype I cross-protection [12]. Attempts to further classify ASFV-specific T-cells prior to Georgia challenge may have been complicated by the observation that two animals (AV74 and AV75) were still viraemic although numbers of circulating CD4+CD8α+ and CD8α+CD4- T-cells had returned to baseline levels. Nonetheless, phenotyping with CD25, CD62L and CCR7 did not reveal any clear pattern relating to the presence of circulating virus or the subsequent clinical outcome after Georgia challenge. Similar patterns of CD25 and CD62L expression on classical swine fever virus-specific CD8α+CD4- T-cells were observed after immunisation with the C-strain live attenuated classical swine fever vaccine [62]. Similarly, ASFV-specific CD4+CD8α+ were predominately CD62L and CCR7- and are likely consistent with CD4+CD8α+CD27- effector memory cells [63].



Considering the original intent was to test the validity of the Babraham line as a model to study ASFV-specific cellular immunity, it was interesting that differences in the antibody response more closely matched the differences in clinical outcome after challenge. Babraham pigs that did not recover had lower antibody titres than those that did. Outbred animal AV77 had an antibody titre similar to those of the Babraham pigs that did not recover, although AV77 also had a poor cellular response as well. All of the remaining outbred animals that were protected against OUR T88/1 challenge had higher ASFV-specific antibody titres than the Babraham pigs that were not protected. Taken together, this suggested a correlation, albeit a weak one, for a role of antibodies in protection against a homologous virulent virus. A number of ASFV proteins have been identified as targets for the antibody response [64,65,66], and results from the competitive ELISA against CP204L/p30 suggested a potential difference in the antibody response to this protein between the animals that recovered and those that did not (Figure 5A). A deeper analysis of the diversity and magnitude of the antibody repertoire to ASFV may reveal patterns that could help infer protection and guide vaccine design. Such analysis will also benefit from the development of robust assays to study antibody function.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/v14071487/s1, Figure S1: Whole blood T-cell gating, Figure S2: Whole blood B-cell gating, Figure S3: Gating strategy for Babraham ICS, Figure S4: Gating strategy for outbred ICS, Figure S5: Gating strategy for outbred day 42 T-cell phenotyping, Figure S6: Gating strategy for outbred day 42 proliferation, Figure S7: Clinical and virological parameters of individual Babraham pigs, Figure S8: Gamma-delta blood cell numbers in Babraham pigs, Figure S9: Serum levels of cytokines in Babraham pigs, Figure S10: Georgia responsive T-cell phenotypes pre-challenge; Table S1: Whole blood T-cell panel, Table S2: Whole blood B-cell panel, Table S3: Babraham ICS panel, Table S4: Outbred ICS panel, Table S5: Outbred T-cell phenotyping panel, Table S6: T-cell proliferation panel.





Author Contributions


Conceptualization, C.L.N.; methodology, L.C.G., R.H.N., C.A., Z.H., P.T., C.L.N.; formal analysis, R.H.N., C.L.N.; writing—original draft preparation, R.H.N., C.L.N.; writing—review and editing, L.C.G., R.H.N., C.A., Z.H., P.T., S.P.G., C.L.N.; supervision, L.C.G., A.L.R., S.P.G., C.L.N.; funding acquisition, C.L.N. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Biotechnology and Biological Sciences Research Council (BBSRC) grants, BBS/E/I/00007031, BBS/E/I/00007037 and BBS/E/I/00007039. This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 773701.




Institutional Review Board Statement


Animal study protocols were approved by the Animal Welfare and Ethical Review Board (AWERB) of The Pirbright Institute (Project License PPL70/8852).




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are openly available in Zenodo at https://doi.org/10.5281/zenodo.6794942, accessed on 9 June 2022.




Acknowledgments


The authors would like to thank Joe Garthwaite, Bev Aldred, David Selby, Beckie Evans, Louise Carder, Michael Collett and Luke Fitzpatrick for husbandry, sampling and clinical scoring of the animals while they were in their care at Pirbright.




Conflicts of Interest


The authors declare no conflict of interest and the funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Borca, M.V.; Ramirez-Medina, E.; Silva, E.; Vuono, E.; Rai, A.; Pruitt, S.; Holinka, L.G.; Velazquez-Salinas, L.; Zhu, J.; Gladue, D.P. Development of a Highly Effective African Swine Fever Virus Vaccine by Deletion of the I177L Gene Results in Sterile Immunity against the Current Epidemic Eurasia Strain. J. Virol. 2020, 94, e02017-19. [Google Scholar] [CrossRef] [PubMed]

	



Petrovan, V.; Rathakrishnan, A.; Islam, M.; Goatley, L.C.; Moffat, K.; Sanchez-Cordon, P.J.; Reis, A.L.; Dixon, L.K. Role of African swine fever virus (ASFV) proteins EP153R and EP402R in reducing viral persistence in blood and virulence in pigs infected with BeninΔDP148R. J. Virol. 2021, 96, e0134021. [Google Scholar] [CrossRef] [PubMed]

	



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] [PubMed]

	



Quembo, C.J.; Jori, F.; Vosloo, W.; Heath, L. Genetic characterization of African swine fever virus isolates from soft ticks at the wildlife/domestic interface in Mozambique and identification of a novel genotype. Transbound. Emerg. Dis. 2018, 65, 420–431. [Google Scholar] [CrossRef] [PubMed]

	



Malogolovkin, A.; Burmakina, G.; Tulman, E.R.; Delhon, G.; Diel, D.G.; Salnikov, N.; Kutish, G.F.; Kolbasov, D.; Rock, D.L. African swine fever virus CD2v and C-type lectin gene loci mediate serological specificity. J. Gen. Virol. 2015, 96, 866–873. [Google Scholar] [CrossRef]

	



Burmakina, G.; Malogolovkin, A.; Tulman, E.R.; Zsak, L.; Delhon, G.; Diel, D.G.; Shobogorov, N.M.; Morgunov, Y.P.; Morgunov, S.Y.; Kutish, G.F.; et al. African swine fever virus serotype-specific proteins are significant protective antigens for African swine fever. J. Gen. Virol. 2016, 97, 1670–1675. [Google Scholar] [CrossRef]

	



Sereda, A.D.; Balyshev, V.M.; Kazakova, A.S.; Imatdinov, A.R.; Kolbasov, D.V. Protective Properties of Attenuated Strains of African Swine Fever Virus Belonging to Seroimmunotypes I-VIII. Pathogens 2020, 9, 274. [Google Scholar] [CrossRef]

	



King, K.; Chapman, D.; Argilaguet, J.M.; Fishbourne, E.; Hutet, E.; Cariolet, R.; Hutchings, G.; Oura, C.A.; Netherton, C.L.; Moffat, K.; et al. Protection of European domestic pigs from virulent African isolates of African swine fever virus by experimental immunisation. Vaccine 2011, 29, 4593–4600. [Google Scholar] [CrossRef]

	



Lacasta, A.; Monteagudo, P.L.; Jimenez-Marin, A.; Accensi, F.; Ballester, M.; Argilaguet, J.; Galindo-Cardiel, I.; Segales, J.; Salas, M.L.; Dominguez, J.; et al. Live attenuated African swine fever viruses as ideal tools to dissect the mechanisms involved in viral pathogenesis and immune protection. Vet. Res. 2015, 46, 135. [Google Scholar] [CrossRef]

	



Lopez, E.; van Heerden, J.; Bosch-Camós, L.; Accensi, F.; Navas, M.J.; López-Monteagudo, P.; Argilaguet, J.; Gallardo, C.; Pina-Pedrero, S.; Salas, M.L.; et al. Live Attenuated African Swine Fever Viruses as Ideal Tools to Dissect the Mechanisms Involved in Cross-Protection. Viruses 2020, 12, 1474. [Google Scholar] [CrossRef]

	



Leitao, A.; Cartaxeiro, C.; Coelho, R.; Cruz, B.; Parkhouse, R.M.; Portugal, F.; Vigario, J.D.; Martins, C.L. The non-haemadsorbing African swine fever virus isolate ASFV/NH/P68 provides a model for defining the protective anti-virus immune response. J. Gen. Virol. 2001, 82, 513–523. [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]

	



Schäfer, A.; Franzoni, G.; Netherton, C.L.; Hartmann, L.; Blome, S.; Blohm, U. Adaptive Cellular Immunity against African Swine Fever Virus Infections. Pathogens 2022, 11, 274. [Google Scholar] [CrossRef] [PubMed]

	



Schlafer, D.H.; McVicar, J.W.; Mebus, C.A. African swine fever convalescent sows: Subsequent pregnancy and the effect of colostral antibody on challenge inoculation of their pigs. Am. J. Vet. Res. 1984, 45, 1361–1366. [Google Scholar] [PubMed]

	



Schlafer, D.H.; Mebus, C.A.; McVicar, J.W. African swine fever in neonatal pigs: Passively acquired protection from colostrum or serum of recovered pigs. Am. J. Vet. Res. 1984, 45, 1367–1372. [Google Scholar]

	



Wardley, R.C.; Norley, S.G.; Wilkinson, P.J.; Williams, S. The role of antibody in protection against African swine fever virus. Vet. Immunol. Immunopathol. 1985, 9, 201–212. [Google Scholar] [CrossRef]

	



Onisk, D.V.; Borca, M.V.; Kutish, G.; Kramer, E.; Irusta, P.; Rock, D.L. Passively transferred African swine fever virus antibodies protect swine against lethal infection. Virology 1994, 198, 350–354. [Google Scholar] [CrossRef]

	



Oura, C.A.; Denyer, M.S.; Takamatsu, H.; Parkhouse, R.M. In Vivo depletion of CD8+ T lymphocytes abrogates protective immunity to African swine fever virus. J. Gen. Virol. 2005, 86, 2445–2450. [Google Scholar] [CrossRef]

	



Revilla, Y.; Pena, L.; Viñuela, E. Interferon-gamma production by African swine fever virus-specific lymphocytes. Scand. J. Immunol. 1992, 35, 225–230. [Google Scholar] [CrossRef]

	



Canals, A.; Alonso, F.; Tomillo, J.; Domínguez, J. Analysis of T lymphocyte subsets proliferating in response to infective and UV-inactivated African swine fever viruses. Vet. Microbiol. 1992, 33, 117–127. [Google Scholar] [CrossRef]

	



Martins, C.L.; Lawman, M.J.; Scholl, T.; Mebus, C.A.; Lunney, J.K. African swine fever virus specific porcine cytotoxic T cell activity. Arch. Virol. 1993, 129, 211–225. [Google Scholar] [CrossRef] [PubMed]

	



Alonso, F.; Dominguez, J.; Vinuela, E.; Revilla, Y. African swine fever virus-specific cytotoxic T lymphocytes recognize the 32 kDa immediate early protein (vp32). Virus Res. 1997, 49, 123–130. [Google Scholar] [CrossRef]

	



Escribano, J.M.; Galindo, I.; Alonso, C. Antibody-mediated neutralization of African swine fever virus: Myths and facts. Virus Res. 2013, 173, 101–109. [Google Scholar] [CrossRef] [PubMed]

	



Norley, S.G.; Wardley, R.C. Effector mechanisms in the pig. Antibody-dependent cellular cytolysis of African swine fever virus infected cells. Res. Vet. Sci. 1983, 35, 75–79. [Google Scholar] [CrossRef]

	



Norley, S.G.; Wardley, R.C. Complement-mediated lysis of African swine fever virus-infected cells. Immunology 1982, 46, 75–82. [Google Scholar] [PubMed]

	



Carlson, J.; O’Donnell, V.; Alfano, M.; Velazquez Salinas, L.; Holinka, L.G.; Krug, P.W.; Gladue, D.P.; Higgs, S.; Borca, M.V. Association of the Host Immune Response with Protection Using a Live Attenuated African Swine Fever Virus Model. Viruses 2016, 8, 291. [Google Scholar] [CrossRef]

	



Nicholls, S.; Pong-Wong, R.; Mitchard, L.; Harley, R.; Archibald, A.; Dick, A.; Bailey, M. Genome-Wide Analysis in Swine Associates Corneal Graft Rejection with Donor-Recipient Mismatches in Three Novel Histocompatibility Regions and One Locus Homologous to the Mouse H-3 Locus. PLoS ONE 2016, 11, e0152155. [Google Scholar] [CrossRef]

	



Binns, R.M.; Licence, S.T.; Whyte, A. Transfer of T-cell-mediated, antigen-specific delayed type hypersensitivity reactions to naive recipient inbred pigs. Res. Vet. Sci. 1996, 60, 24–28. [Google Scholar] [CrossRef]

	



Binns, R.M.; Licence, S.T.; Whyte, A.; Wilby, M.; Rothkotter, H.J.; Bacon, M. Genetically determined CD45 variant of value in leucocyte tracing in vivo in the pig. Immunology 1995, 86, 25–33. [Google Scholar]

	



Schwartz, J.C.; Hemmink, J.D.; Graham, S.P.; Tchilian, E.; Charleston, B.; Hammer, S.E.; Ho, C.S.; Hammond, J.A. The MHC homozygous inbred Babraham pig as a resource for veterinary and translational medicine. HLA 2018, 92, 40–43. [Google Scholar] [CrossRef]

	



Tungatt, K.; Dolton, G.; Morgan, S.B.; Attaf, M.; Fuller, A.; Whalley, T.; Hemmink, J.D.; Porter, E.; Szomolay, B.; Montoya, M.; et al. Induction of influenza-specific local CD8 T-cells in the respiratory tract after aerosol delivery of vaccine antigen or virus in the Babraham inbred pig. PLoS Pathog. 2018, 14, e1007017. [Google Scholar] [CrossRef] [PubMed]

	



Edmans, M.; McNee, A.; Porter, E.; Vatzia, E.; Paudyal, B.; Martini, V.; Gubbins, S.; Francis, O.; Harley, R.; Thomas, A.; et al. Magnitude and Kinetics of T Cell and Antibody Responses During H1N1pdm09 Infection in Inbred Babraham Pigs and Outbred Pigs. Front. Immunol. 2020, 11, 604913. [Google Scholar] [CrossRef] [PubMed]

	



Netherton, C.L.; Goatley, L.C.; Reis, A.L.; Portugal, R.; Nash, R.H.; Morgan, S.B.; Gault, L.; Nieto, R.; Norlin, V.; Gallardo, C.; et al. Identification and Immunogenicity of African Swine Fever Virus Antigens. Front. Immunol. 2019, 10, 1318. [Google Scholar] [CrossRef] [PubMed]

	



Galindo-Cardiel, I.; Ballester, M.; Solanes, D.; Nofrarias, M.; Lopez-Soria, S.; Argilaguet, J.M.; Lacasta, A.; Accensi, F.; Rodriguez, F.; Segales, J. Standardization of pathological investigations in the framework of experimental ASFV infections. Virus Res. 2013, 173, 180–190. [Google Scholar] [CrossRef]

	



Enjuanes, L.; Carrascosa, A.L.; Moreno, M.A.; Viñuela, E. Titration of African swine fever (ASF) virus. J. Gen. Virol. 1976, 32, 471–477. [Google Scholar] [CrossRef] [PubMed]

	



Boinas, F.S.; Hutchings, G.H.; Dixon, L.K.; Wilkinson, P.J. Characterization of pathogenic and non-pathogenic African swine fever virus isolates from Ornithodoros erraticus inhabiting pig premises in Portugal. J. Gen. Virol. 2004, 85, 2177–2187. [Google Scholar] [CrossRef]

	



Rowlands, R.J.; Michaud, V.; Heath, L.; Hutchings, G.; Oura, C.; Vosloo, W.; Dwarka, R.; Onashvili, T.; Albina, E.; Dixon, L.K. African swine fever virus isolate, Georgia, 2007. Emerg. Infect. Dis. 2008, 14, 1870–1874. [Google Scholar] [CrossRef]

	



King, D.P.; Reid, S.M.; Hutchings, G.H.; Grierson, S.S.; Wilkinson, P.J.; Dixon, L.K.; Bastos, A.D.; Drew, T.W. Development of a TaqMan PCR assay with internal amplification control for the detection of African swine fever virus. J. Virol. Methods 2003, 107, 53–61. [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]

	



Braun, R.O.; Python, S.; Summerfield, A. Porcine B Cell Subset Responses to Toll-like Receptor Ligands. Front. Immunol. 2017, 8, 1044. [Google Scholar] [CrossRef]

	



Reis, A.L.; Goatley, L.C.; Jabbar, T.; Lopez, E.; Rathakrishnan, A.; Dixon, L.K. Deletion of the Gene for the Type I Interferon Inhibitor I329L from the Attenuated African Swine Fever Virus OURT88/3 Strain Reduces Protection Induced in Pigs. Vaccines 2020, 8, 262. [Google Scholar] [CrossRef]

	



Manso Ribeiro, J. Déclaration sur la vaccination contre la Peste Porcine Africaine à la XXXe Session Générale de l’Office International des Epizooties. Bull. L’Office Int. Épizooties 1962, 58, 1031–1040. [Google Scholar]

	



Colgrove, G.S.; Haelterman, E.O.; Coggins, L. Pathogenesis of African swine fever in young pigs. Am. J. Vet. Res. 1969, 30, 1343–1359. [Google Scholar] [PubMed]

	



Post, J.; Weesendorp, E.; Montoya, M.; Loeffen, W.L. Influence of Age and Dose of African Swine Fever Virus Infections on Clinical Outcome and Blood Parameters in Pigs. Viral Immunol. 2017, 30, 58–69. [Google Scholar] [CrossRef] [PubMed]

	



Pikalo, J.; Schoder, M.E.; Sehl-Ewert, J.; Breithaupt, A.; Cay, A.B.; Lhoëst, C.; van Campe, W.; Mostin, L.; Deutschmann, P.; Roszyk, H.; et al. Towards Efficient Early Warning: Pathobiology of African Swine Fever Virus “Belgium 2018/1” in Domestic Pigs of Different Age Classes. Animals 2021, 11, 2602. [Google Scholar] [CrossRef]

	



Oh, T.; Do, D.T.; Lai, D.C.; Nguyen, T.C.; Vo, H.V.; Chae, C. Age-related viral load and severity of systemic pathological lesions in acute naturally occurring African swine fever virus genotype II infections. Comp. Immunol. Microbiol. Infect. Dis. 2021, 79, 101709. [Google Scholar] [CrossRef]

	



Goatley, L.; Reis, A.; Portugal, R.; Goldswain, H.; Shimmon, G.; Hargreaves, Z.; Ho, C.-S.; Montoya, M.; Sánchez-Cordón, P.; Taylor, G.; et al. A Pool of Eight Virally Vectored African Swine Fever Antigens Protect Pigs Against Fatal Disease. Vaccines 2020, 8, 234. [Google Scholar] [CrossRef]

	



Manso Ribeiro, J.; Nunes Petisca, J.L.; Lopes Frazao, F.; Sobral, M. Vaccination contre la Peste Porcine Africaine. Bull. L’Office Int. Épizooties 1963, 60, 921–937. [Google Scholar]

	



Sánchez Botija, C. Modificatión del virus de la Peste Porcina Africana en cultivos celulares. Bull. L’Office Int. Épizooties 1963, 60, 901–919. [Google Scholar]

	



Zhang, J.; Rodríguez, F.; Navas, M.J.; Costa-Hurtado, M.; Almagro, V.; Bosch-Camós, L.; López, E.; Cuadrado, R.; Accensi, F.; Pina-Pedrero, S.; et al. Fecal microbiota transplantation from warthog to pig confirms the influence of the gut microbiota on African swine fever susceptibility. Sci. Rep. 2020, 10, 17605. [Google Scholar] [CrossRef]

	



Lacasta, A.; Ballester, M.; Monteagudo, P.L.; Rodriguez, J.M.; Salas, M.L.; Accensi, F.; Pina-Pedrero, S.; Bensaid, A.; Argilaguet, J.; Lopez-Soria, S.; et al. Expression library immunization can confer protection against lethal challenge with African swine fever virus. J. Virol. 2014, 88, 13322–13332. [Google Scholar] [CrossRef] [PubMed]

	



Chrun, T.; Maze, E.A.; Vatzia, E.; Martini, V.; Paudyal, B.; Edmans, M.D.; McNee, A.; Manjegowda, T.; Salguero, F.J.; Wanasen, N.; et al. Simultaneous Infection With Porcine Reproductive and Respiratory Syndrome and Influenza Viruses Abrogates Clinical Protection Induced by Live Attenuated Porcine Reproductive and Respiratory Syndrome Vaccination. Front. Immunol. 2021, 12, 758368. [Google Scholar] [CrossRef] [PubMed]

	



Kitikoon, P.; Vincent, A.L.; Jones, K.R.; Nilubol, D.; Yu, S.; Janke, B.H.; Thacker, B.J.; Thacker, E.L. Vaccine efficacy and immune response to swine influenza virus challenge in pigs infected with porcine reproductive and respiratory syndrome virus at the time of SIV vaccination. Vet. Microbiol. 2009, 139, 235–244. [Google Scholar] [CrossRef] [PubMed]

	



Talker, S.C.; Käser, T.; Reutner, K.; Sedlak, C.; Mair, K.H.; Koinig, H.; Graage, R.; Viehmann, M.; Klingler, E.; Ladinig, A.; et al. Phenotypic maturation of porcine NK- and T-cell subsets. Dev. Comp. Immunol. 2013, 40, 51–68. [Google Scholar] [CrossRef] [PubMed]

	



Wardley, R.C.; Wilkinson, P.J. Lymphocyte responses to African swine fever virus infection. Res. Vet. Sci. 1980, 28, 185–189. [Google Scholar] [CrossRef]

	



Sanchez-Vizcaino, J.M.; Slauson, D.O.; Ruiz-Gonzalvo, F.; Valero, F. Lymphocyte function and cell-mediated immunity in pigs with experimentally induced African swine fever. Am. J. Vet. Res. 1981, 42, 1335–1341. [Google Scholar]

	



Hühr, J.; Schäfer, A.; Schwaiger, T.; Zani, L.; Sehl, J.; Mettenleiter, T.C.; Blome, S.; Blohm, U. Impaired T-cell responses in domestic pigs and wild boar upon infection with a highly virulent African swine fever virus strain. Transbound. Emerg. Dis. 2020, 67, 3016–3032. [Google Scholar] [CrossRef]

	



Schäfer, A.; Zani, L.; Pikalo, J.; Hühr, J.; Sehl, J.; Mettenleiter, T.C.; Breithaupt, A.; Blome, S.; Blohm, U. T-cell responses in domestic pigs and wild boar upon infection with the moderately virulent African swine fever virus strain ‘Estonia2014’. Transbound. Emerg. Dis. 2021, 68, 2733–2749. [Google Scholar] [CrossRef]

	



Portugal, R.; Coelho, J.; Hoper, D.; Little, N.S.; Smithson, C.; Upton, C.; Martins, C.; Leitao, A.; Keil, G.M. Related strains of African swine fever virus with different virulence: Genome comparison and analysis. J. Gen. Virol. 2015, 96, 408–419. [Google Scholar] [CrossRef]

	



Mair, K.H.; Essler, S.E.; Patzl, M.; Storset, A.K.; Saalmüller, A.; Gerner, W. NKp46 expression discriminates porcine NK cells with different functional properties. Eur. J. Immunol. 2012, 42, 1261–1271. [Google Scholar] [CrossRef]

	



Schäfer, A.; Hühr, J.; Schwaiger, T.; Dorhoi, A.; Mettenleiter, T.C.; Blome, S.; Schröder, C.; Blohm, U. Porcine Invariant Natural Killer T Cells: Functional Profiling and Dynamics in Steady State and Viral Infections. Front. Immunol. 2019, 10, 1380. [Google Scholar] [CrossRef] [PubMed]

	



Franzoni, G.; Kurkure, N.V.; Edgar, D.S.; Everett, H.E.; Gerner, W.; Bodman-Smith, K.B.; Crooke, H.R.; Graham, S.P. Assessment of the phenotype and functionality of porcine CD8 T cell responses following vaccination with live attenuated classical swine fever virus (CSFV) and virulent CSFV challenge. Clin. Vaccine Immunol. 2013, 20, 1604–1616. [Google Scholar] [CrossRef] [PubMed]

	



Reutner, K.; Leitner, J.; Müllebner, A.; Ladinig, A.; Essler, S.E.; Duvigneau, J.C.; Ritzmann, M.; Steinberger, P.; Saalmüller, A.; Gerner, W. CD27 expression discriminates porcine T helper cells with functionally distinct properties. Vet. Res. 2013, 44, 18. [Google Scholar] [CrossRef]

	



Tabarés, E.; Marcotegui, M.A.; Fernández, M.; Sánchez-Botija, C. Proteins specified by African swine fever virus I. Analysis of viral structural proteins and antigenic properties. Arch. Virol. 1980, 66, 107–117. [Google Scholar] [CrossRef] [PubMed]

	



Kollnberger, S.D.; Gutierrez-Castaneda, B.; Foster-Cuevas, M.; Corteyn, A.; Parkhouse, R.M. Identification of the principal serological immunodeterminants of African swine fever virus by screening a virus cDNA library with antibody. J. Gen. Virol. 2002, 83, 1331–1342. [Google Scholar] [CrossRef] [PubMed]

	



Reis, A.L.; Parkhouse, R.M.; Penedos, A.R.; Martins, C.; Leitao, A. Systematic analysis of longitudinal serological responses of pigs infected experimentally with African swine fever virus. J. Gen. Virol. 2007, 88, 2426–2434. [Google Scholar] [CrossRef]








[image: Viruses 14 01487 g001 550] 





Figure 1. Clinical and virological parameters of Babraham pigs. Inbred Babraham animals were inoculated with low virulent ASFV isolate OUR T88/3 (red and blue) or PBS control (green) and then challenged with highly virulent OUR T88/1 eighteen days later (arrows). Five animals that recovered after challenge are indicated in blue and the seven that did not are in red. Body temperatures (A) and clinical signs (B) were scored daily and blood samples taken for virus titration on the indicated days (C). Viraemia was determined by quantitative PCR. Error bars represent the standard error from the mean. 
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Figure 2. Blood cell numbers in Babraham pigs. Inbred Babraham animals were inoculated with low virulent ASFV isolate OUR T88/3 (red and blue) or PBS control (green) and then challenged with highly virulent OUR T88/1 eighteen days later (arrows). Blood samples were taken on the indicated day, labelled with antibodies and the number of granulocytes (A), CD21+ (B), CD3+ (C) and CD3-CD8α+ cells (D) determined by volumetric flow cytometry. Animals immunised with OUR T88/3 that recovered after challenge are indicated as blue symbols and those that did not as dark red symbols. Lines indicate the mean, and error bars indicate the standard deviation from that mean. 
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Figure 3. T-cell numbers in Babraham pigs. Inbred Babraham animals were inoculated with low virulent ASFV isolate OUR T88/3 (red and blue) or PBS control (green) and then challenged with highly virulent OUR T88/1 eighteen days later (arrows). Blood samples were taken on the indicated day, labelled with antibodies and the number of CD3+γδTCR-CD4+CD8α- (A), CD3+γδTCR-CD4+CD8α+ (B), CD3+γδTCR-CD4+CD25+ (C) and CD3+γδTCR-CD8α+CD4- (D) determined by volumetric flow cytometry. Animals immunised with OUR T88/3 that recovered after challenge are indicated as blue symbols and those that did not as dark red symbols, and individual animals are labelled as shown in the legend of Figure 2. Lines indicate the mean, and error bars indicate the standard deviation from that mean. * p < 0.05, ** p < 0.01, *** p < 0.001. Individual pigs are labelled as in Figure 2. 
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Figure 4. Cellular responses to ASFV in Babraham pigs. Inbred Babraham animals were inoculated with low virulent ASFV isolate OUR T88/3 (red and blue) or PBS control (green) and then challenged with highly virulent OUR T88/1 eighteen days later. Blood samples were taken on the indicated day (A) or prior to challenge, 18 days post immunisation (B–F). IFNγ secreting cells were enumerated by ELISpot (A) or after labelling with antibodies for analysis by flow cytometry to identify CD8α+CD4- (B), CD8α+CD4-CD8β+ (C), CD4+CD8α+ (D), CD3-CD8α+ (E), or CD3+γδTCR+ cells (F). The proportion of each cell type expressing IFNγ, TNFα or both cytokines was determined using ICS (B–D). Animals immunised with OUR T88/3 that recovered after challenge are indicated as solid blue symbols and those that did not as open dark red symbols and control as green. Lines indicate the mean, and error bars indicate the standard deviation from that mean. 
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Figure 5. Antibody responses to ASFV in Babraham pigs. Inbred Babraham animals were immunised with low virulent ASFV isolate OUR T88/3 (red and blue) or PBS control (green) and then challenged with highly virulent OUR T88/1 eighteen days later. Blood samples were taken on the indicated day and serum analysed with a competitive ELISA against CP204L/p30 (A) or by immunoperoxidase assay on infected Vero cells (B). Lines indicate the mean, and error bars indicate the standard deviation from that mean. The upper and lower dashed lines on Panel A represent the manufacturer’s positive and negative cut-offs, while the dashed line on Panel B indicates the limit of detection, * p < 0.05. 






Figure 5. Antibody responses to ASFV in Babraham pigs. Inbred Babraham animals were immunised with low virulent ASFV isolate OUR T88/3 (red and blue) or PBS control (green) and then challenged with highly virulent OUR T88/1 eighteen days later. Blood samples were taken on the indicated day and serum analysed with a competitive ELISA against CP204L/p30 (A) or by immunoperoxidase assay on infected Vero cells (B). Lines indicate the mean, and error bars indicate the standard deviation from that mean. The upper and lower dashed lines on Panel A represent the manufacturer’s positive and negative cut-offs, while the dashed line on Panel B indicates the limit of detection, * p < 0.05.



[image: Viruses 14 01487 g005]







[image: Viruses 14 01487 g006 550] 





Figure 6. Clinical and virological parameters in outbred pigs. Outbred animals were inoculated with low virulent ASFV isolate OUR T88/3 (red, blue or black) and then challenged with virulent OUR T88/1 (red and blue) 21 days later. All surviving animals, as well as three naïve controls (green), were then challenged with highly virulent Georgia 2007/1 21 days after OUR T88/1 challenge. Body temperature (A) and clinical signs (B) were scored daily and blood samples taken for virus titration on the indicated days (C). Viremia was determined by quantitative PCR. Arrows indicate the challenge with OUR T88/1 and Georgia 2007/1. 
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Figure 7. Blood cell numbers in outbred pigs. Animals were inoculated with low virulent ASFV isolate OUR T88/3 (red, blue and black) and then challenged twenty-one days later with highly virulent OUR T88/1, followed by Georgia 2007/1 twenty-one days after that (arrows). Blood samples were taken on the indicated day and the number of granulocytes (A), CD21+ (B), CD3+ (C) and CD3-CD8α+ cells (D) determined by volumetric flow cytometry. Animals immunised with OUR T88/3 that recovered after challenge with Georgia 2007/1 are indicated with solid blue symbols and those that did not with solid dark red symbols. Animal AV77 that was not protected against OUR T88/1 is shown as a red open circle and AV78 that suffered chronic ASF and was not challenged with OUR T88/1 as a solid black square. Naïve animals challenged with Georgia 2007/1 are indicated in green. Lines indicate the mean, and error bars indicate the standard deviation from that mean. 
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Figure 8. Blood cell numbers in outbred pigs. Pigs, inoculated with low virulent ASFV isolate OUR T88/3 (red and blue) and then challenged twenty-one days later with highly virulent OUR T88/1, followed by Georgia 2007/1 twenty-one days after that (arrows). Blood samples were taken on the indicated day, labelled with antibodies and the number of CD4+CD8α- (A), CD4+CD8α+ (B), CD4+CD25+ (C) and CD8α+CD4- (D) cells determined by volumetric flow cytometry. Animals immunised with OUR T88/3 that recovered after challenge with Georgia 2007/1 are indicated with solid blue symbols and those that did not with solid dark red symbols. Animal AV77 that was not protected against OUR T88/1 is shown as a red open circle and AV78 that suffered chronic ASF and was not challenged with OUR T88/1 as a solid black square. Naïve animals challenged with Georgia 2007/1 are indicated in green. Lines indicate the mean, and error bars indicate the standard deviation from that mean. 
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Figure 9. Antibody responses to ASFV in outbred pigs. Pigs were inoculated with low virulent ASFV isolate OUR T88/3 (red, blue and black) and then challenged twenty-one days later with highly virulent OUR T88/1, followed by Georgia 2007/1 twenty-one days after that (arrows). Blood samples were taken on the indicated day and serum analysed with a competitive ELISA against CP204L/p30 (A) or by immunoperoxidase assay on infected Vero cells (B). Animals that recovered after challenge with Georgia 2007/1 are indicated in blue and those that did not in dark red. AV77 that did not recover after OUR T88/1 challenge is indicated as an open red circle and AV78 that suffered chronic ASF as a black square. The upper and lower dashed lines on Panel A represent the manufacturer’s positive and negative cut-offs, while the dashed line on Panel B indicates the limit of detection for the fixed cell ELISA. 
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Figure 10. Cellular responses to ASFV in outbred pigs. Animals were inoculated with low virulent ASFV isolate OUR T88/3 and then challenged twenty-one days later with highly virulent OUR T88/1, followed by Georgia 2007/1 twenty-one days after that. Blood samples were taken prior to challenge with OUR T88/1 on day 21 (A–C) or Georgia 2007/1 on day 42 (D–H). IFNγ secreting cells were enumerated by ELISpot (A,D) or flow cytometry (B,C,E,F) after stimulation with OUR T88/1 (A–C) or Georgia 2007/1 (D–F). The proportion of CD4+CD8α+ (B,E) or CD8α + CD4- cells expressing IFNγ, TNFα or both cytokines was determined using ICS. PBMCs purified before Georgia 2007/1 challenge were stimulated for 6 days with Georgia 2007/1 or a mock inoculum and the proportion of CD4+CD8α+ (G) and CD8α+CD4- (H) cells proliferating after 6 days stimulation with Georgia 2007/1 identified. Animals that recovered after challenge with Georgia 2007/1 are indicated in blue and those that did not in dark red. AV77 that did not recover after OUR T88/1 challenge is indicated as an open red circle and AV78 that suffered chronic ASF as a black square. Lines indicate the mean, and the error bars indicate the standard deviation from that mean. 
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