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Porcine reproductive and respiratory syndrome virus type 2 (PRRSV-2) lineage 8 was first detected in mainland China in 2006 and has since rapidly spread to become the primary epidemic strain in the country. In this study, samples such as lung tissue, hilar lymph nodes, abortion fetuses, and blood were collected from large-scale pig farms across 11 prefecture-level cities in Sichuan province between 2019 and 2020 for antigen detection and PRRS virus isolation. The antigen detection results indicated that the positive rate of HP-PRRSV (JXA1-Like strain) was 44.74% (51/114), NADC30-Like PRRSV was 17.54% (20/114), and classical PRRSV (VR2332-Like strain) was 37.72% (43/114). The predominant strain was HP-PRRSV. Positive samples were further inoculated into Marc-145 cells for virus isolation and identification, leading to the isolation of a new JXA1-Like PRRSV strain named SCSN2020. The strain was characterized by RT-qPCR, indirect immunofluorescence assay (IFA), plaque purification, electron microscopy, and whole genome sequencing. The total length of the viral genome was determined to be approximately 15,374 bp. A comparison of the SCSN2020 genome with VR2332 revealed that both strains had the same discontinuous 30-amino acid deletion on the Nsp2 gene. ORF5 genotyping classified the SCSN2020 strain as sublineage 8.7, with a whole genome sequence identity of 99.34% with JXA1. Furthermore, we evaluated the pathogenicity of the SCSN2020 strain in 28-day-old piglets and observed persistent fever from day 4 to day 10, weight loss started on day 7, dyspnea and severe lung lesions began started on day 14. The results of this study highlight the current PRRSV epidemic situation in Sichuan province and provide a scientific reference for subsequent prevention and control measures.
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1. Introduction

Porcine reproductive and respiratory syndrome virus (PRRSV) is a major pathogen responsible for respiratory and reproductive diseases in pigs, significantly impacting the global pig industry. PRRSV is a single-stranded, positive-sense RNA virus that belongs to the Arteriviridae family (Mateu and Diaz, 2008; Guo et al., 2018). The genome size of PRRSV ranges between 15 and 15.5 Kb, encoding approximately 10 open reading frames (ORFs), including ORF1a, ORF1b, ORF2a, ORF2b, ORF3, ORF4, ORF5a, ORF5, ORF6, and ORF7 (Johnson et al., 2011; Fang et al., 2012). ORF1a and ORF1b constitute about 75% of the genome and encode at least 16 non-structural proteins (Nsps), including Nsp1a, NSPSP1β, Nsp2, Nsp2TF, Nsp2N, Nsp3-Nsp6, Nsp7α, Nsp7β, and NSP8-NSP12 (van Dinten et al., 1999; Firth et al., 2011). Structural proteins are encoded by ORF2-7 located at the 3′ end of the genome, including six membrane-associated structural proteins—GP2, E, GP3, GP4, GP5, and M—as well as nucleocapsid proteins (N proteins; Meng et al., 1995; Kappes and Faaberg, 2015; Lunney et al., 2016). Of these, ORF5 encodes the surface glycoprotein GP5 of virus particles, which plays a vital role in virus attachment, endocytosis, assembly, and the production of neutralizing antibodies (Mardassi et al., 1996; Dokland, 2010; Hicks et al., 2018). Additionally, the ORF5 gene has been widely used to investigate the molecular prevalence of PRRS and strain lineage classification (Shi et al., 2010; Gao et al., 2017; Guo et al., 2018).

Porcine reproductive and respiratory syndrome virus (PRRSV) has two primary genotypes—PRRSV-1 (European type, Lelystad Virus) and PRRSV-2 (North American type, VR2332). In China, PRRSV-2 has been the dominant genotype since its first identification in 1996 (An et al., 2007; Kuhn et al., 2016). Based on the ORF5 gene, PRRSV can be further categorized into nine lineages, with the most common lineages in China being lineage 1 (NADC30-Like), lineage 3 (QYYZ-Like), lineage 5 (VR2332-Like), lineage 8 (CH-1R and JXA1), and lineage 9. In 1996, sublineage 5.1, or VR2332-Like PRRSV, emerged in China but did not cause a pandemic (Li et al., 2007; Tian et al., 2007; Liu et al., 2021). However, sublineage 8.7, commonly known as highly pathogenic PRRSV (HP-PRRSV) JXA1, emerged in 2006 with a high fever as the main pathogenic feature, resulting in significant losses to the pig industry. QYYZ-Like PRRSV was initially identified in Guangdong, China, in 2010 and had a low sequence identity with other Chinese lineage strains, initially classifying it as a new lineage (Lu et al., 2015; Zhou et al., 2019). Sublineage 1.8, also known as NADC30-Like PRRSV, first appeared in China in 2012 (Zhao et al., 2015; Zhou et al., 2015) and is currently the most prevalent strain in the country. Another rapidly spreading strain in China is sublineage 1.5 or NADC34-Like PRRSV, first reported in 2017 (Bao and Li, 2021; Zhao et al., 2022a). The NADC34-Like strains accounted for 11.5 and 28.6% of positive cases in 2020 and 2021, and have spread to eight provinces in China (Xu et al., 2022). However, changes in lineage, gene recombination, and mutation of epidemic strains pose significant challenges to the preventing and controlling in China (Wang H. M. et al., 2018; Yu et al., 2022). Studies have shown that sublineage 8.7 (JXA1-like) and sublineage 1.8 (NADC30-like) have become the dominant strains prevalent in China’s swine herds, and NADC30-like strains have been highly regarded in recent years because of their high recombination and mutation rates. Multiple novel recombinant PRRSV strains from NADC30-Like outbreaks in China have recently been reported and exhibit different pathogenicity (Zhao et al., 2015; Liu J. K. et al., 2017; Chen et al., 2018). Additionally, the recombination of Chinese field strains and vaccine strains are emerging. These recombinant viruses exhibit significantly higher virulence than vaccine strains (Liu J. et al., 2017; Wang X. X. et al., 2018).

In this study, lung tissue, hilar lymph nodes, abortion fetuses, blood, and other pathogenic materials suspected of PRRSV infection were collected from large-scale pig farms in 11 prefecture-level cities in Sichuan province between January 2019 and January 2020 for pathogen detection and virus isolation. The highest positive rate was for HP-PRRSV, accounting for 44.74% (51/114) of samples. One strain of PRRSV was successfully isolated from the positive samples. Whole-genome sequencing and phylogenetic analysis classified the isolated strain as lineage 8 of PRRSV-2 (JXA1). Additionally, the pathogenicity of the isolated strain was evaluated through testing on 28-day-old piglets to provide scientific reference for subsequent prevention and control measures against PRRS in Sichuan province.



2. Materials and methods


2.1. Sample treatment

Clinical samples (including lung, hilar lymph node, abortion fetus, and blood) with suspected PRRSV infection were chopped up, freeze-thawed repeatedly, and then ground. After grinding was repeated three times, 2 mL PBS was added, centrifuged at 9710 × g for 5 min (4°C), and stored at −80°C. All clinical samples were collected from large-scale pig farms in Sichuan Province from 2019 to 2020.



2.2. Primer design and PRRSV detection in clinical samples

RNA was extracted using AG RNAex Pro RNA extraction reagent, and reverse transcription was performed using Evo M-MLV RT Kit (AG, Hunan, China). The reverse transcription reaction conditions were as follows: 37°C for 15 min, 85°C for 5 s, and 4°C ∞; the RNA reverse transcriptional reaction system is shown in Supplementary Table S1. Then the samples were detected by RT-qPCR and RT-PCR to confirm PRRSV positive. All primers are shown in Supplementary Table S2 (General Administration of Quality Supervision, Inspection and Quarantine of the People's Republic of China, Standardization Administration of China, 2018; Liao, 2019; Xu et al., 2019).



2.3. Isolation and identification of PRRSV

RT-qPCR-positive samples, including serum and lung tissue samples, were filtered through a 0.22 μm filter membrane to eliminate bacteria. For each sample, 1 mL of filtered supernatant was mixed with 1 mL of serum-free DMEM and added onto a monolayer of Marc-145 cells at a cell density between 80 and 90%. As described previously (Liu et al., 2022), a specific PRRSV polyclonal antibody labeled with fluorescein isothiocyanate (FITC) against PRRSV N protein (Bioss, Beijing, China) was used to detect PRRSV. As previously mentioned (Zhou et al., 2018a,b,c,d), the virus was purified by plaque analysis, and the virus titer was calculated according to the Reed-Muench method (Reed and Muench, 1938). Then, purified virus isolates were used to sequence their entire genomes. Meanwhile, to investigate the effect of different multiplicities of infection (MOI) on the growth of PRRSV in Marc-145 cells, we infected cells with MOI = 0.01 and MOI = 1 in triplicate. We incubated them for 1.5 h at 37°C. DMEM medium containing 2% serum was added for maintenance, and virus fluid was collected every 24 h and frozen at −80°C. After 5 days, we determined the virus titer and drew a growth curve. The PRRSV strain isolated from Sichuan province in 2020 was designated as SCSN2020.



2.4. Observation of virus particles using electron microscopy

The PRRS virus suspension was dispatched to Wuhan Servicebio Biotechnology Company for transmission electron microscopy analysis. We loaded 20 μL of the virus suspension onto a copper grid with a carbon film using a pipet gun, allowing it to incubate for 3–5 min. Excess liquid was carefully absorbed using filter paper. Subsequently, we applied 2% phosphotungstic acid to the copper grid, staining it for 1–2 min. Excess liquid was removed using filter paper, and the grid was left to dry at room temperature. Finally, the copper grids were observed under a transmission electron microscope (TEM), and images were captured.



2.5. Whole genome sequencing and bioinformatics analysis of PRRSV isolate

PRRSV RNA was extracted, and cDNA was prepared according to the above procedures and then sent to Beijing Tsingke Biotech Company for whole genome sequencing. Mega 6 (Tempe, AZ, United States) was used to analyze the whole genome homology and amino acid sequence of the primary genes and related genes of PRRSV strains in each region and the isolated strains in this study in the NCBI database, and the genetic evolution tree was constructed. The SeqMan program of DNAstar software version 7.0 (DNASTAR Inc., Madison, United States) was used to assemble the full-length genome sequence of the isolated strain. The PRRSV genome, ORF, and derived protein sequences were analyzed using DNAstar’s EditSeq and MegAlign programs.



2.6. Pathogenic experiment

Ten weaned piglets (about 28 days of age) were purchased from Chengdu Wangjiang Agriculture and Animal Husbandry Technology Company. All of them were negative for PRRSV antigen and antibody by RT-qPCR and ELISA assay. All the animals were randomly divided into two groups and separated into different rooms. All animals were individually housed under controlled temperature (26°C), humidity (60%), and lighting (12 h/day), with free access to water. Grouping of experimental animals: Ten weanling piglets were divided into the following groups: Group 1 (challenge group): Five weanling piglets were inoculated with 2 mL of virus solution (TCID50 = 105/mL) via nasal drip; Five piglets in group 2 (control group) were inoculated with 2 mL DMEM/mL via an intranasal drop.

Following the viral challenge, clinical indicators were regularly monitored on the weanling piglets, including daily recordings of rectal temperature and observations of various clinical manifestations such as appetite, mental state, and breathing. The scores of the resulting clinical signs were recorded and tabulated in Supplementary Table S3 (Sun, 2017). Additionally, piglet weights were measured and documented on days 3, 7, 10, and 14 post-challenge to track any changes in growth patterns. These comprehensive evaluations aimed to assess the viral infection’s impact on the piglets’ health and welfare and provide insights into potential treatment options for this particular virus strain.

Viral load measurement of the weanling piglets was conducted by collecting blood, nasal, and oral secretions at regular intervals after the viral challenge (0, 3, 7, 10, and 14 days). RT-qPCR assays were used to detect signs of detoxification in these samples. Additionally, viremia levels in serum were assessed using the TCID50 method. These evaluations aimed to provide insights into the piglets’ viral clearance and detoxification mechanisms, thereby viral contributing to our understanding of how this particular virus strain interacts with its host.

If piglets died during the experiment, they were dissected immediately, and the gross pathological changes of each organ were observed. Lung and hilar lymph nodes were collected, rinsed with PBS to remove blood, soaked in 4% paraformaldehyde solution, fixed at room temperature for 24 h, and then embedded in the tissue, paraffin section and HE staining were used to observe the pathological changes. On day 14 of the challenge, the remaining pigs were euthanized and dissected, and tissues were collected and fixed as described above. Animal experiments in this study were approved by the Animal Ethics Committee of Sichuan Agricultural University (20220261). All experimental procedures and animal welfare standards strictly followed the guidelines of Animal Management at Sichuan Agricultural University.



2.7. Statistical analysis

Statistical analysis was performed with GraphPad Prism 8.0.2 (GraphPad Software, San Diego, CA, United States), and all data were using one-way ANOVA with the t-test. The level of significance was set at p < 0.05.




3. Results


3.1. RT-qPCR survey of clinical samples

Between 2019 and 2020, a total of 205 lung, hilar lymph nodes, serum, and abortion samples were collected in Sichuan to investigate the prevalence of PRRSV. Of these, 114 samples tested positive for PRRSV with an overall positivity rate of 55.61% (114/205). The highest positivity rate was observed in lung samples at 63.33% (38/60), as shown in Table 1. Specifically, 51 samples were positive for HP-PRRSV, 20 samples were positive for NADC30-like PRRSV, and 43 samples were positive for classical PRRSV; selected test results are presented in Supplementary Figure S1. In particular, the HP-PRRSV target band appeared at about 514 bp, while that of NADC30-like PRRSV appeared at approximately 334 bp (Supplementary Figure S1A). Additional RT-qPCR assays revealed that Supplementary Figures S1B–D corresponded to NADC30-like PRRSV, classical PRRSV, and HP-PRRSV, respectively.



TABLE 1 PRRSV detection results in each city of Sichuan Province from 2019 to 2020.
[image: Table1]



3.2. Isolation and identification of PRRSV


3.2.1. Isolation and indirect immunofluorescence of PRRSV

The PRRSV-positive material was identified by RT-qPCR, which was inserted into Marc-145 cells and cultured in a 37°C CO2 incubator for 4–5 days. qPCR was performed every three passages. The results showed that one strain of PRRSV was isolated and cultured into Marc-145 cells for 48 h, the cells began to become larger and showed typical warp-like lesions. At 72 h, the lesions could reach 80%, showing mass or grape-shaped lesions (Figure 1A). The control group cells were in good condition with clear cell edges (Figure 1B).

[image: Figure 1]

FIGURE 1
 Identification of porcine reproductive and respiratory syndrome virus (PRRSV) isolates. (A) CPE diagram of Marc-145 cells infected with PRRSV isolates; (B) Blank control; (C) Results of indirect immunofluorescence assay.


To confirm infection with the PRRSV strain isolated from swine samples, indirect immunofluorescence was used to identify infected Marc-145 cells that had been cultured for 48 h. The cells were stained with rabbit anti-PRRSV N protein followed by FITC-labeled sheep anti-rabbit IgG, and the results are shown in Figure 1C. The staining pattern indicated that the isolated PRRSV strain could proliferate on Marc-145 cells, confirming our previous observations of morphological changes suggestive of viral infection.



3.2.2. Results of TCID50 determination

To determine the infectious titer of PRRSV isolates, cell supernatant was collected, and performed a TCID50 assay using 96-well cell culture plates. The cell supernatant was diluted 10-fold and inoculated into the plates, which were then incubated at 37°C with CO2 for 4–5 days. We counted the number of cytopathic effects (CPEs) for each dilution and calculated the TCID50 of PRRSV using the Reed-Muench formula. The resulting titer was determined to be 10–6.39/0.1 mL (Supplementary Table S4).



3.2.3. Plotting of viral one-step growth curves

To visualize virus growth over time, virus titers were plotted against corresponding time points by TCID50 assay to generate growth curves for each MOI (Supplementary Figure S2). Our results showed that when Marc-145 cells were infected with the MOI = 1, the virus titer reached its highest point on the second day, with a PRRSV titer of 10–7.0/mL. In contrast, when cells were infected with a MOI of 0.1, the virus titer reached its highest level of 10–6.917/mL on the third day. The TCID50 of PRRSV on the fifth day were 10–5.833/mL (MOI = 1) and 10–5.917/mL (MOI = 0.1), respectively.



3.2.4. Results of virus plaque purification assay and transmission electron microscopy

A plaque assay and transmission electron microscopy analysis were performed to further characterize the isolated PRRSV strain. After 10-fold dilution of the virus solution, we inoculated 10^−4, 10^−5, and 10^−6 dilutions onto single-layer Marc-145 cells in six-well plate. After 5 days of culture in a 5% CO2 incubator at 37°C, uniform plaques appeared, displaying a typical PRRSV plaque pattern (Figure 2). The presence of these plaques confirms that the isolated PRRSV strain can infect and replicate within Marc-145 cells.

[image: Figure 2]

FIGURE 2
 Plaque purification results.


In addition, we sent the virus solution to Wuhan Servicebio Biotechnology Company for transmission electron microscopy identification. Figure 3 shows polymorphic spherical virions of about 50–70 nm were observed in the supernatant, consistent with other observations of PRRSV virus particles by electron microscopy (Arteriviridae and Roniviridae, 2017). Based on these identification techniques, we designated this strain as PRRSV SCSN20.

[image: Figure 3]

FIGURE 3
 Transmission electron microscopic observation of virions.





3.3. Whole genome sequencing and bioinformatics analysis of PRRSV SCSN2020


3.3.1. Whole genome sequencing and annotation of PRRSV SCSN2020

The sequencing results of PRRSV SCSN2020 were visualized using CG view. The full length of the PRRSV genome was 15,374 bp (GenBank accession number: OQ883907), with a GC content of 52.4%. ORF1a and ORF1b constituted 75% of the entire genome and were transcribed and translated into two polyproteins, pp1a, and pp1ab. pp1a was cleaved into Nsp1α, Nsp1β, Nsp2, Nsp3, Nsp4, Nsp5, Nsp6, Nsp7α, Nsp7β, and Nsp8, while pp1ab was cleaved into nonstructural proteins such as Nsp9, Nsp10, Nsp11, and Nsp12. Additionally, ORF2, ORF2b, ORF3, ORF4, ORF5a, ORF5, and ORF6 encode envelope proteins (E, GP2, GP3, GP4, GP5a, GP5, and M proteins) and N proteins, respectively (Figure 4A).

[image: Figure 4]

FIGURE 4
 Whole genome sequencing and annotation of SCSN2020. SCSN2020 whole genome (A), SCSN2020 phylogenetic tree based on PRRSV ORF5 gene (B), cluster analysis of strains of each lineage of PRRSV (C).




3.3.2. Genetic evolution analysis of PRRSV SCSN2020

To assess the genetic relatedness between PRRSV SCSN2020 and other reference strains, we compared the nucleotide identity rates of the isolated strain with those of CH-1a, CH-1R, JXA1, NADC30, NADC34, VR2332, and QYYZ strains (Table 2). The results showed high levels of similarity between the isolated strain and most reference strains, with nucleotide identity rates ranging from 82.21 to 99.34%. Specifically, the sequence identity rate with LV strain was 58.87%, confirming that the isolated strain belonged to the PRRSV-2 strain. Further comparison with the sequences of PRRSV in the GenBank database revealed that the PRRSV SCSN2020 strain was closely related to the JXA1 strain. Specifically, the nucleotide and protein sequences of the 5’UTR, ORF1a (Nsp1α, Nsp1β, and Nsp2-8), and ORF1b (Nsp9-Nsp12) of PRRSV SCSN2020 were highly similar to those of JXA1, with nucleotide identity rates ranging from 97.39 to 100% and protein identity rates ranging from 95.51 to 100%.



TABLE 2 Sequence alignment results of PRRSV SCSN2020 with other reference strains.
[image: Table2]

To establish the genetic relationship between PRRSV SCSN2020 and representative strains of other PRRSV lineages, a phylogenetic tree was constructed based on the ORF5 gene sequence. The results showed that the other strains could be divided into four lineages based on the ORF5 gene except for the LV strain. Lineage 8 was mainly JXA1-Like, CH-1a-Like, TJ-Like, etc. Lineage 1 was mainly NADC30-Like and NADC34-Like. The third lineage was QYYZ-Like. Lineage 5 is VR2332-Like. The SCSN2020 strain isolated in this study was classified as lineage 8.7 (Figures 4B,C).

Compared with the VR2332-Like strain, the NSP2 protein sequence of the SCSN2020 isolate was missing one aa at 481aa. 533-561aa, deletion of 29 aa; Consistent with JXA1-Like (Supplementary Figures S3A,B); there were two Hypervariable regions (HVR) in ORF5 (Supplementary Figure S3C), HVR1 aa 33–35, SCSN2020 was NNN; HVR2 57–60 was AQKF; In addition, SCSN2020 contained three transmembrane regions and two virulence sites (aa 13 and aa 151), and the primary amino acid was arginine (R).




3.4. Pathogenicity analysis of SN2020


3.4.1. Results of body temperature and body weight of piglets after the challenge

The results are presented in Figures 5A,B. In Figure 5A, it can be seen that the body temperature of the challenged piglets started to rise on the fourth day after the challenge. On the sixth day, it had increased to 40.65°C, and all the challenged pigs were above 40°C. From the 10th day onwards, the population temperature began to decrease. On the other hand, the control pigs showed no abnormalities throughout the experiment.

[image: Figure 5]

FIGURE 5
 Changes in body temperature (A) and body weight (B) of piglets after challenge.


In Figure 5B, it can be observed that there was no significant difference between the control group and the challenge group for the first 3 days. However, from day 7 and day 14, the body weight of piglets in the challenge group was significantly lower than that in the control group (p < 0.05).

The body weight of piglets in the challenge group decreased by 1.10 and 1.66 kg, respectively. This indicates that the strain could decrease the weight growth of piglets, and the difference was more significant with the extension of time.



3.4.2. Clinical symptom score results of piglets after challenge

The results are presented in Figure 6. On the challenge’s third day, pigs’ feed intake decreased, and some pigs showed clinical signs such as runny noses and clumps. On day 4, the clinical signs worsened, and the pigs developed a decreased appetite, eyelid edema, and an indirect mild cough. By the seventh day, the pigs began to cluster, sneeze, cough, depression, and have other clinical signs. A few pigs also showed clinical signs such as ear redness and abdominal breathing.

[image: Figure 6]

FIGURE 6
 Changes in clinical symptom scores of piglets after the challenge.


On day 14, one of the pigs had dyspnea, stopped feeding, and had obvious abdominal breathing. These clinical signs suggest that the strain had adverse effects on the respiratory system of the piglets. The decrease in feed intake and appetite also indicates that the strain had negative impacts on the digestive system of the piglets.



3.4.3. Detection of detoxification of piglets after the challenge

The results are presented in Figure 7. On day 7 after the challenge, the amount of virus in blood reached the peak (2.05 × 105 copies/mL) and then began to slowly decline (Figure 7A). Similarly, the amount of virus in nasal swabs peaked at 9.58 × 103 copies per milliliter on day 10 after the challenge and then began to decline (Figure 7B). The virus titer in the serum of piglets was 104 TCID50/ml on day 7, 104.35 TCID50/mL on day 10, and 104.65 TCID50/mL on day 14 after infection (Figure 7C).
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FIGURE 7
 Shedding of virus and changes in blood virus titers in piglets after challenge. The amount of virus in blood in blood (A) and nasal swabs (B), virus titer in the serum (C).




3.4.4. Pathological observation after dissection

The piglets in the challenge group showed obvious pneumonia, with tissue consolidation and multiple foci in the apical lobe of the lung, widening of the lung interstitium, and obvious bleeding points on the lung surface (Figure 8A). The hilar lymph nodes were enlarged and bleeding (Figure 8C). The results of pathological sections showed that the overall structure of the lung tissue of piglets in the challenge group was abnormal, with unclear alveolar tissue structure, significant collapse, thickening of the alveolar wall and parenchymal tissue, slight congestion of the lung interstitium, and significant infiltration of inflammatory cells (Figure 8A). The structure of pulmonary lymph nodes was not clearly defined, and the boundary between the cortex and medulla was unclear, with a large amount of diffuse lymphoid tissue visible (Figure 8C).
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FIGURE 8
 Results of pathological changes in lung and hilar lymph nodes of piglets after challenge. (A) lung and pathological sections of the challenge group; (B) Lung and pathological sections of the blank control group; (C) Lung lymph nodes and pathological sections of the challenge group; and (D) Lung lymph nodes and pathological sections of the blank control group.


In contrast, the blank group showed normal lung tissue structure, with no alveolar fusion, expansion, atrophy, or other degeneration observed. There was no obvious loss, edema, or shedding of the alveolar epithelial cells in the tissue, no thickening of the alveolar wall, and no inflammatory cell infiltration. The lymphoid nodules were tightly packed with clear boundaries between the cortex and medulla of the tissue, and abundant numbers of lymphocytes (Figures 8B,D).





4. Discussion

Porcine Reproductive and Respiratory Syndrome (PRRS) first emerged in China in 1996, rapidly spreading across the country and causing significant economic losses to the pig industry (An et al., 2007; Sui et al., 2018). Currently, vaccination represents the main strategy for preventing and controlling PRRS outbreaks. However, a contentious issue has arisen regarding the effectiveness of PRRSV vaccines; in clinical settings, such vaccines are frequently inefficient and ineffective (Guo et al., 2018). Nevertheless, given the prevalence of PRRS, vaccination remains the primary approach available. Commercially available vaccines in China include CH-1a/CH-1R, R98/R98 MLV, VR2332/Ingelvac PRRS MLV, JXA1/JXA1-R, TJ/TJM-F92, HuN4/ Hun4-F112, GD/GDr180, and among others (Leng et al., 2017; Wang H. M. et al., 2018; Ding et al., 2021). While these vaccines can partially control PRRS outbreaks and reduce the duration of clinical signs and viremia in pigs, they cannot provide full protection against PRRS infection, with vaccine efficacy limited to partial or modest protection against heterologous challenges.

However, mass vaccination with attenuated vaccines can pose safety risks and lead to genetic variations (Wang et al., 2015; Zhou et al., 2017). Studies indicate that vaccinated pigs can transmit vaccine viruses to unvaccinated pigs, thus propagating different vaccine strains within pig populations (Li et al., 2016, 2017; Bian et al., 2017; Wang X. X. et al., 2018). Large-scale vaccination with attenuated vaccines may also contribute to the emergence and spread of PRRSV-2 (Shi et al., 2013). Furthermore, “reverse virulence” has been reported during attenuated vaccine administration (Jiang et al., 2015). The misuse and overuse of vaccines have also contributed to the emergence of complex strains of PRRSV, notably NADC30-Like PRRSV, which predominantly recombines with HP-PRRSV (JXA1), classical PRRSV (CH-1R, VR2332), and attenuated vaccines (TJM-F92) to produce novel strains (Wang et al., 2016). In addition to the recombination between vaccine strains and other PRRS viruses, HP-PRRSV strains in China demonstrate recombination patterns across distinct lineages and sublineages. HP-PRRSV strains emerged in 2006, represented by JXA1, TJ, and HuN4, also parental strains of JXA1-R, TJM-F92, and HUN4-F112. In a previous study, we found that since 2016, the prevailing strains in Sichuan Province are mainly VR2332-Like, JXA1-Like, and NADC30-Like, and present different ways of recombination, mainly as follows: JXA1-Like+NADC30 -Like (Zhou et al., 2018a,b,c,d); VR2332-Like+JXA1-Like+NADC30-Like (Zhou et al., 2018a,b,c,d); JXA1-Like+NADC30-Like+QYYZ-Like (Zhou et al., 2018a,b,c,d). These studies further demonstrate that recombination may occur between PRRSV strains and vaccine strains. Lineage 3 surfaced in 2010, typified by QYYZ and GM2, among others. Subline 1.8 emerged in 2013, exemplified by NAD30-Like (Zhang et al., 2017, 2018; Zhou et al., 2018a,b,c,d). This study found that the positive rates of HP-PRRSV and NADC30 like PRRSV antigens were 44.74% (51/114) and 17.54% (20/114), respectively. As a large province of domestic pig stocking and slaughtering, Sichuan Province has widely used vaccines in pig herds, which also facilitates the recombination of PRRSV strains. At the same time, it has also brought enormous pressure to prevent and control PRRSV epidemics.

In addition to recombination, mutation is a crucial mechanism in the evolution of PRRSV (Guo et al., 2018). The exchange of gene segments usually occurs between different circulating strains and confers new biological characteristics to other variants, mainly including changes in pathogenicity and antigenicity (Sun et al., 2016; Bian et al., 2017). The Nsp2 and ORF5 regions of the PRRSV genome are highly susceptible to mutation, which makes them ideal targets for monitoring the development of PRRS gene mutations. Notably, HP-PRRSV has a 30-amino-acid discontinuous deletion (1aa + 29aa) in the NSP2 coding region (Tian et al., 2007), whereas NADC30-Like PRRSV presents a 131-amino-acid discontinuous deletion (111aaa + 1a + 19aa; Brockmeier et al., 2012). Meanwhile, NADC34-Like exhibits a continuous 100-amino-acid deletion (Bao and Li, 2021). Sequence comparison in this study found that compared with the genome of the VR2332 strain, the isolate SCSN2020 had 30 amino acid discontinuous deletions (1aa and 29aa) in the NSP2 coding region, which was located at positions 481 and 533–561, respectively.

The hypervariable region (HVR) of the PRRSV GP5 protein also shows significant variations. For instance, in aa 33–35 of HVR1, HP-PRRSV predominantly features NNN, while NADC34-Like mainly exhibits NNS or SSS, NADC30-Like primarily shows SNS, and QYYZ-Like features GNS; by contrast, VR2332 is characterized by NDS. Concerning HVR2 in aa 57–60, HP-PRRSV mainly exhibits AQKF or ANKF, whereas NADC34-Like mainly displays NKSF, NADC30-Like is more variable, showing mainly NEKF, STKF, NKKF, among others, and QYYZ-Like mainly exemplifies ATNF or ANKF. VR2332 is mainly ANKF. In PRRSV GP5, amino acids 13 and 151 act as virulence determinants (Allende et al., 2000; Luo et al., 2023). This study found that SCSN2020 mainly features arginine (R), with the remaining lineages predominantly displaying lysine (K), glutamine (Q), isoleucine (I), and arginine (R).

This study analyzed 205 suspected PRRSV samples collected from 11 prefecture-level cities in Sichuan province between 2019 and 2020. Of the 114 PRRSV-positive samples, the antigen-positive rate of HP-PRRSV (JXA1-Like strain) was 44.74% (51/114), NADC30-Like PRRSV was 17.54% (20/114), and classical PRRSV (VR2332-Like strain) was 37.72% (43/114), indicating that HP-PRRSV remains the prevalent strain in Sichuan province. Notably, 20 samples of NADC30-Like PRRSV were detected, with other studies indicating an increasing detection rate of this strain in the region (Zhou et al., 2018a,b,c,d; Zhao et al., 2022b). Furthermore, recent recombinant strains of PRRS in Sichuan province have mainly featured NADC30-Like PRRSV, while minor strains included JXA1-Like and TJ-Like HP-PRRSV. Previous studies have shown that HP-PRRSV, including JXA1, TJ, and HuN4, are lethal to piglets. These viruses are characterized by high fever, high morbidity (50–100%), and high mortality (20–100%; Tong et al., 2007; Liu et al., 2022). New recombinant strains can also lead to changes in PRRSV virulence. For example, the TJnh1501 strain is a recombinant virus between NADC30-Like and MLV vaccine (TJMF92), and its virulence is between HP-PRRSV (JXwn06) and MLV strains Between; SCN17 strain is recombined from NADC30-Like, JXA1-Like and MLV vaccine (VR2332), causing persistent fever and moderate interstitial pneumonia in pigs (Zhou et al., 2018a,b,c,d); FJLIUY-2017 strain is lineage 1 (NADC30-Like), lineage 3 (QYYZ-Like), lineage 5.1 (VR2332-Like), and lineage 8.7 (JXA1-Like; Liu et al., 2019). SCSN2020 isolated in this study was identified as JXA1-Like. Although no recombination occurred, our pathogenicity study revealed that piglets in the challenge group presented with typical PRRS clinical symptoms signs and pathological changes, including continuous increases in body temperature, weight loss, and viremia, as well as hunger, severe shortness of breath, and labored breathing from day 13. These findings highlight the continued high pathogenicity of HP-PRRSV and underscore the need for vigilance in preventing and controlling its spread. Moreover, given Sichuan’s status as a major pig-raising province in China, where swine vaccines are widely used, the potential for recombination between HP-PRRSV and NADC30-Like PRRSV is heightened. Recombinant strains exert significant pressure on PRRS prevention and control efforts. Hence, our study provides a scientific reference for future efforts to regulate and manage PRRSV outbreaks in Sichuan province.



5. Conclusion

In summary, we counted the prevalence of PRRSV in Southwest China from 2019 to 2020 and found that the highest positive rate of pathogen detection is still HP-PRRSV, and through isolation, purification, and whole-genome sequencing analysis, a strain of HP-PRRSV (SCSN2020) was obtained. Pathogenicity experiments found that the strain had typical PRRSV symptoms and pathological changes. In addition, multiple recombinations occurred between sublineage 8.7 (JXA1-Like) and lineage 1.8 (NADC30-Like) prevalent in China, and our study also reminds the importance of monitoring PRRSV in China.
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The extreme genetic and immunobiological heterogeneity exhibited by the African swine fever virus (ASFV) has been a significant impediment in the development of an efficacious vaccine against this disease. Consequently, the lack of internationally accepted protocols for the laboratory evaluation of candidate vaccines has become a major concern within the scientific community. The formulation of such protocols necessitates the establishment of a consensus at the international level on methods for the determination of homologous and heterologous isolates/strains of ASFV. The present article provides a comprehensive description of biological techniques employed in the classification of ASFV by seroimmunotypes. These techniques involve a holistic evaluation of ASFV isolates/strains based on their antigenic properties as determined by the hemadsorption inhibiting test (HAdI) using type-specific sera and an immunological test (IT) conducted on pigs inoculated with attenuated strains. The article outlines the methods for setting up the HAdI test, an IT on pigs, and the processes involved in the acquisition of type-specific serums for the HAdI test. It is pertinent to note that the definitive classification of seroimmunotype can only be ascertained after conducting an IT on pigs. The findings from the HAdI test or the phylogenetic analysis of the EP402R gene should be considered preliminary in nature.
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1. Introduction

African swine fever (ASF) is a contagious septic disease of domestic pigs and wild boars. The course of the disease can be hyperacute, acute, subacute, and chronic (Detray, 1957; Boinas et al., 2004; Blome et al., 2020). The causative agent of ASF is a DNA-containing virus of the Asfivirus genus, Asfarviridae family (Borca et al., 1998; Viruses IC on T, 2011).

African swine fever is currently having an unprecedented spread globally and one of the reasons for this spread is the lack of a safe and effective registered vaccine against the disease. It is known that pigs that have recovered after infection with the African swine fever virus (ASFV) can be protected from disease and/or death if subsequently infected with related virulent isolates/strains (Plowright, 1986). In addition, pigs inoculated with naturally attenuated or laboratory-selected strains of ASFV, or recombinant viruses, can also be protected from the disease or, if ill, from death after the infection by homologous virulent isolates/strains (Rock, 2017; Gallardo et al., 2019; López et al., 2020).

A widely used ASFV classification system is based on genotyping and determining the phylogenetic relationship of various isolates/strains. Currently, the studied isolates/strains of the ASFV are distributed into 24 genotypes (Bastos et al., 2003; Nix et al., 2006; Achenbach et al., 2017). Although ASFV genotyping is useful for some purposes, it does not fully correlate with the available data on cross-protection and may have limited value for predicting the effectiveness of vaccine cross-protection (Plowright, 1986; King et al., 2011; Rock, 2017).

In 1960, Malmquist and Hay were the first to document the occurrence of hemadsorption during the replication of ASFV in primary cultures of porcine bone marrow cells (PBMC) and primary peripheral blood leukocytes of swine (PBLS). In addition to the phenomenon of hemadsorption, they found that blood serum obtained from ASFV-infected pigs inhibits hemadsorption in ASFV-infected cultures of PBLS and PBMC cells, but does not affect the cytopathic effect and reproduction of the virus (Malmquist and Hay, 1960). Based on the results of studying the antigenic and protective properties of isolates/strains, a seroimmunotype classification of the ASFV was developed (Malmquist, 1963; Sereda and Balyshev, 2011; Sereda et al., 2020).

In 1968, Coggins reported the isolation of non-hemadsorbing subpopulations of the ASF virus (Coggins, 1968a). Further studies have shown that the loss of the ability to induce hemadsorption for the ASF virus during reproduction in cell culture is a common phenomenon (Pan and Hess, 1985; Jori and Bastos, 2009; Ravaomanana et al., 2010). A number of researchers have noted that non-hemadsorbing strains of the ASF virus isolated in nature or obtained under laboratory conditions have low virulence and the ability to form immune protection against subsequent infection of pigs with homologous virulent hemadsorbing isolates (Pan, 1992; Sánchez-Cordón et al., 2017).

The seroimmunotype classification is based on the results of a comprehensive assessment of ASFV isolates/strains by antigenic properties in the HAdI test with type-specific sera and an IT inoculated with attenuated strains (Sereda et al., 2020). The isolates/strains of the ASFV available in the collection of the FRCVM are divided into nine (I-IX) seroimmunotypes, and three other small groups: isolates whose serological affiliation does not correspond to the results of the immunological test (group X), isolates heterogeneous in seroimmunotype relation (group XI), and yet untyped isolates (group XII; Sereda et al., 2020). Each of the nine seroimmunotypes includes virulent hemadsorbing strains of the ASFV, including reference, and, as a rule, natural or laboratory-attenuated strains/isolates that have low or no virulence and are of hemadsorbing or non-hemadsorbing phenotype. In the classification described above, non-hemadsorbing isolates/strains are differentiated only by the results of an IT.

In our opinion, it is important to establish unified international definitions for homologous and heterologous isolates/strains. Evaluation of candidate vaccines should be based on seroimmunotype classification of isolates/strains established in hemadsorption delay reaction and immunological tests. This article describes methods that are used for ASFV seroimmunotyping.

The following terms will be used with the following meaning: serotype of ASFV is a group of isolates/strains of ASFV formed based on the results of the HAdI test; immunotype of ASFV is a group of isolates/strains of ASFV based on the results of IT; seroimmunotype of ASFV is a group of isolates/strains formed based on the results of grouping by HAdI test and IT.



2. Materials and methods

It is important to ensure that all plasticware used in the experiment is of tissue culture-grade quality. Additionally, all reagents and buffers should be properly sterilized either by autoclaving or filtration methods.


2.1. Preparing PBLS


2.1.1. Materials and equipment

In the experiments, use female or male pigs that are 3 to 4 months old, e.g., 30–40 kg piglets of the Large White Pig breed (Pigs). Place the animals in a BSL 3Ag laboratory. Conduct a 6-day acclimatization period before starting the study. Keep and euthanize pigs according to AVMA guidelines for the care and use of laboratory animals (National Research Council (US), 2011).


2.1.1.1. Hardware

Laminar flow cabinet, CO2 incubator, refrigerator (4°C), analytical balance, pH meter, inverted microscope, centrifuge (capable of spinning 50 mL conical tubes), and hemocytometer.



2.1.1.2. Consumables

Vacuum blood collection tube, anti-coagulation (EDTA; Chengdu PUTH Medical Plastics Packaging Co., China), polypropylene conical tubes (50 mL), serological pipettes (10 mL), automatic pipettes with a volume of 20–200 μL, 100–1000 μL, aerosol-resistant filter tips, Millex-HV syringe filter unit, and 0.45 μm, PVDF (SLS, England).



2.1.1.3. Chemical reagents

1. Complete blood leukocytes growing media (CBLGM): The Eagle’s minimal essential medium (EMEM) containing 10% of fetal bovine serum (FBS), penicillin (100–200 IU/mL), and streptomycin (100–200 mg/mL).

2. Phosphate-buffered saline pH 7.2, divalent cation-free (PBS): Nacl – 8.0 g, KH2PO4, − 0.2 g, Na2HPO4 ×12 H2O – 2.9 g, and KCl – 0.2 g. distilled water to 1,000 mL. Check the pH before use. Store at 4°C.

3. Ficoll–Hypaque 1,077 g/cm3 (GE Healthcare, United States).

4. Distilled water.

5. Red blood cell (RBC) lysis buffer: 155 mM ammonium chloride, 12 mM sodium hydrogen carbonate, and 0.1 mM ethylenediaminetetraacetic acid. Sterilization by filtration.

6. Trypan blue 0.4% (w/v).




2.1.2. Method

African swine fever virus productively infects monocyte/macrophage cells in the domestic pig. Here, we describe the culture of primary peripheral blood leukocytes of swine.

• Collect the required volume of fresh defibrinated pig blood into tubes containing an anticoagulant.

• Add 15 mL of Ficoll–Hypaque solution at 20–22°C to polypropylene conical tubes (50 mL) and overlay it with diluted pig blood in sterile PBS at a 1:1 ratio.

• Centrifuge the tubes at 1000×g for 30 min at 20–22°C with the brake off.

• Carefully aspirate the interphase layer using a serological pipette, transfer it to a new 50 mL tube, and then fill the tube with PBS to the desired volume.

• Centrifuge at 400×g for 10 min at 20–22°C.

• Remove the supernatant by carefully decanting or aspirating it, and then discard it appropriately. Add 5 mL of RBC lysis buffer to each tube, ensuring complete resuspension of the pellet, and incubate the tubes at 20–22°C for 5 min. After the incubation, add 40 mL of PBS and centrifuge the tubes at 400×g for 10 min at 20–22°C.

• Wash cells with PBS twice more. Resuspend cells in CBLGM at a volume 2.0–2.5 times greater than the initial blood volume.

• Mix 100 μL of the resuspended cells with 800 μL of PBS and 100 μL of trypan blue solution. Stir the mixture thoroughly. Proceed to count the number of clear (non-stained) cells using a suitable counting method, such as a hemocytometer. Based on the cell count, calculate the cell concentration using the appropriate formula or software. Adjust the volume of CBLGM cells to a concentration of 3.0–4.0 million cells/mL.




2.2. Preparing washed RBC


2.2.1. Materials and equipment

Pigs (see 2.1.1).


2.2.1.1. Hardware

Laminar flow cabinet, refrigerator (4°C), bench-top centrifuge.



2.2.1.2. Consumables

Vacuum blood collection tube, anti-coagulation (EDTA; Chengdu PUTH Medical Plastics Packaging Co., China), 5 mL centrifuge tube with lid, serological pipettes (5 mL), automatic pipettes with a volume of 100–1000 μL, and aerosol-resistant filter tips.



2.2.1.3. Chemical reagents

1. Complete blood leukocytes growing media: The EMEM containing 10% of FBS, penicillin (100–200 IU/mL), and streptomycin (100–200 mg/mL).

2. Phosphate-buffered saline pH 7.2, divalent cation-free: Nacl – 8.0 g, KH2PO4, − 0.2 g, Na2HPO4 х12 H2O – 2.9 g, and KCl – 0.2 g. distilled water to 1000 mL. Check the pH before use. Store at 4°C.




2.2.2. Method

• Centrifuge 1,0 mL of swine whole blood at 400×g for 5 min at 20–22°C.

• Remove plasma and buffy coat layer.

• Resuspend the red cells in 30 mL PBS and invert the tube to mix.

• Centrifuge the sample at 400×g for 5 min at 20–22°C and carefully remove and discard the supernatant. Repeat the washing step two more times using PBS, following the same centrifugation conditions.

• Resuspend RBCs in 1.0 mL of CBLGM, and then dilute the resuspended RBCs in a 1:100 ratio to prepare a 1% solution.




2.3. Оbtaining type-specific pig serum for the hemadsorption inhibiting test


2.3.1. Materials and equipment

Pigs (see 2.1.1), PBLS (see 2.1), ASFV strains seroimmunotype III: reference Mozambique-78, and attenuated MK-200.


2.3.1.1. Hardware

Laminar flow cabinet, refrigerator (4°C), freezer (− 40°C), water bath, and thermometer.



2.3.1.2. Consumables

Vacuum blood collection tube, clot activator (Chengdu PUTH Medical Plastics Packaging Co., China), automatic pipettes with a volume of 20–200 μL, 100–1000 μL, aerosol-resistant filter tips, sterile 48-well Nunc cell culture plate with TC treatment, and 1.0 and 10.0 mL syringes.



2.3.1.3. Chemical reagents

1. Complete blood leukocytes growing media: The EMEM containing 10% of FBS, penicillin (100–200 IU/mL), and streptomycin (100–200 mg/mL).

2. 40% solution of phosphonoacetic acid [HOOCCH2P(O)(OH)2] in sterile water (PAA).




2.3.2. Methods

There are three main methods for obtaining sera that are active in the HAdI test from pigs: (i) survivors of ASF in subacute forms (Malmquist, 1963; Balyshev et al., 2015), (ii) pigs successively inoculated with attenuated and virulent reference strains of ASFV (Balyshev et al., 2015; Imatdinov et al., 2019), and (iii) survivors of acute or subacute forms of ASF as a result of treatment with a chemical – phosphonoacetic acid (PAA; Zubairov et al., 2017).

The infectious activities of ASFV strains were determined by titration in PBLS [four wells for each tenfold dilution; World organization for animal health (2019)]. The results were examined by the presence of hemadsorption phenomenon after 5–7 days. The virus titers were calculated according to the method described by Kerber in Ashmarin’s modification and expressed in 50% hemadsorbing units per mL (HAU50/mL; Ashmarin et al., 1975).


2.3.2.1. Serum from subacute ASF survivors

• Infect pigs with a reference strain of ASFV of the selected seroimmunotype. Out of 10 pigs that are kept together, intramuscularly inoculate two pigs with a reference strain Mozambique-78 of ASFV of selected seroimmunotype III at a dose of 102.0–103.0 HAU50.

• The remaining eight animals would be infected by contact. When it is 14–21 days post the infection, examine the blood serum of survivors of the subacute form of ASF for the presence of active antibodies in the HAdI test (See 2.4.1).

• Obtain blood serum from surviving animals on day 42 after infection and test it in HAdI. Typically, their titers range from 1:40 to 1:10240.



2.3.2.2. Serum from pigs successively inoculated with attenuated and virulent reference strains of African swine fever virus

Usually, administration of attenuated ASFV strains into pigs in doses from 102.0 to 106.0 HAU50 does not induce the formation of hemadsorption-inhibiting antibodies. In some cases, natural and laboratory-obtained attenuated hemadsorbing strains that cause a chronic form of ASF induce the formation of HAdI antibodies in pigs with titers no higher than 1:20–1:80. The process of obtaining serums active in the HAdI test by the second method requires taking into account that, on the one hand, after infection with a virulent strain, immunized animals must survive, and on the other hand, they must get sick with the manifestation of characteristic clinical signs of ASF (fever for several days, refusal of feed, and hemorrhages on the skin; Coggins, 1968a).

• Intramuscularly inoculate eight pigs with an attenuated strain MK-200 of ASFV at a dose of 106.0–107.0 HAU50.

• After 7–14 days, intramuscularly inoculate animals with a homologous virulent reference strain Mozambique-78 of the ASFV at a dose of 102.0–103.0 HAU50.

• In pigs that survived the subacute form of ASF, 14–21 days after the disappearance of clinical signs of the disease, examine blood serum for the presence of antibodies active in the HAdI test (See 2.4.1).



2.3.2.3. Serum from pigs after application of chemicals drugs with therapeutic effects against ASF

The sodium salt of phosphonoacetic acid (phosphonate) inhibits the DNA polymerase of viruses by binding to the pyrophosphate site. Viral polymerase is significantly more sensitive to this drug than swine DNA polymerase. Phosphonoacetic acid, phosphonoacetic acid complex with 7-amino-1,3,5- triazaadamantane, and potassium pyridine salt of phosphonoacetic acid all prevented mortality of more than 80% of infected animals vs. 100% mortality of animals in the control group. The use of phosphonoacetic acid in combination with metisazone under microepizootic conditions prevented mortality of all piglets that had contact with the diseased ones, in comparison to 100% mortality in untreated animals. The possibility of obtaining type-specific sera was established, which removed the step of attenuation of virulent strains. The result allowed to shorten the serum preparation time by 3–12 times, which might be crucial for serotyping the virus since attenuation of individual strains can take up to 6–12 months or more (Zubairov et al., 2017).

• Administer intramuscular injection of the selected seroimmunotype III reference strain, e.g., Mozambique-78, to four pigs. The inoculation should be carried out at a dose ranging from 102.0 to 105.0 HAU50, with the specific virus dose adjusted based on the virulence of the ASFV strain.

• Monitor the clinical signs and record temperature every day.

• Once the body temperature of the infected pigs starts to rise above 40°C and clinical signs of the disease become evident (usually around 2–3 days after infection), begin administering intramuscular injections of a 40% PAA solution. The recommended dosage is 100–150 mg/kg of body weight. Administer the injections twice a day for the first 3 days, and then switch to once-a-day administration for the subsequent 10 days.

• On day 14, following the last recorded temperature peak, proceed to exsanguinate the animals and collect the blood samples. The collected sera should then be subjected to analysis using the HAdI assay.

In the HAdI assay, the titer of anti-ASFV serum can range from 1:40 to 1: 640. Depending on the virulence of the ASF virus strain, mortality rates in affected animals can range up to 50%.

In all cases, the selected type-specific pig serums are incubated for 30 min at a temperature of 56°C, aliquoted, and stored at −40°C. When selecting type-specific sera, it is assumed that their activity with homologous seroimmunotype reference strains of the ASFV in the HAdI test (see 2.4.1) should be from 1:40 or more (up to 1:10240), and with heterologous ones the inhibition of hemadsorption is not manifested.





2.4. Serotyping of African swine fever virus in the hemadsorption inhibiting test

Serotyping of the ASFV in the HAdI test makes it possible to obtain a preliminary result on the seroimmunotype classification of the studied isolates relatively quickly, which saves money, effort, and time, compared to the conduction of an immunological test on animals. The HAdI test uses reference strains of nine ASFV seroimmunotypes and corresponding type-specific reference pig sera. There are two main modifications of the HAdI test formulation. The first one was proposed by Malmquist (1963). The second one was proposed by Coggins (1968a) in modification Vigario (Vigário et al., 1970; Balyshev et al., 2015). In this article, we present both main modifications.


2.4.1. Determination of working dilutions of type-specific pig sera (working serum dilution, WSD)

In the HAdI test, type-specific pig sera are used in working dilutions corresponding to their doubled titers. The titer of type-specific pig sera is taken as the highest dilution that causes inhibition of hemadsorption, multiplied by the dilution factor of the serum in the culture medium. The HAdI test in micropanel tablets is performed in the working volume, of which 0.90 is a cell suspension, 0.05 is a virus-containing material, and 0.05 is the serum of interest.


2.4.1.1. Materials and equipment

PBLS (see 2.1), RBC (see 2.2), ASFV strain, Mozambique-78, swine anti-ASFV serums (IS1, IS2) to strain Mozambique-78, positive sera III serotype (PS), and normal porcine serum (NS) treated for 30 min at a temperature of 56°C.


2.4.1.1.1. Hardware

2.4.1.1.1. Hardware. Laminar flow cabinet, CO2 incubator, refrigerator (4°C), freezer (− 40°C), inverted microscope, and water bath.



2.4.1.1.2. Consumables

2.4.1.1.2. Consumables. Multichannel pipettes, automatic pipettes with a volume of 20–200 μL, 100–1000 μL, aerosol-resistant filter tips, and a sterile 48-well Nunc cell culture plate with TC treatment.



2.4.1.1.3. Chemical reagents

1. 2.4.1.1.3. Chemical reagents. Complete blood leukocytes growing media: The EMEM containing 10% of FBS, penicillin (100–200 IU/mL), and streptomycin (100–200 mg/mL).

2. Phosphate-buffered saline pH 7.2, divalent cation-free: Nacl – 8.0 g, KH2PO4, − 0.2 g, Na2HPO4 ×12 H2O – 2.9 g, and KCl – 0.2 g. distilled water to 1,000 mL. Check the pH before use. Store at 4°C.




2.4.1.2. Method

Determination of working dilutions of investigated type-specific pig serums III serotypes from pigs (IS1 and IS2) in the HAdI test. The HAdI test is performed using 48-well plastic micropanels.

1. On day 0, prepare a suspension of PBLS with a concentration of 3.0–4.0 million cells/mL, and add 10 mL of the suspension to each well of the 48-well plates. Then incubate culture plates in a CO2 incubator at 37°C for 3 days with 5% CO2 and 90% relative humidity.

2. On day 3, take the following steps:

a. Calculate the dilution of viral stock required to achieve a concentration of 102.5–103.0 HAU50/25 μL for the HAdI test.

b. Dilute the virus in CBLGM.

c. Evaluate the status of adherent cells, specifically monocytes/macrophages, in the culture. Perform a wash by pipetting the medium up and down using an automatic pipette equipped with 1000 μL filter tips. This step aims to remove any non-adherent cells. Carefully discard the medium, and repeat the washing process two additional times to ensure thorough removal of non-adherent cells. Finally, add 450 μL of CBLGM to each well. Leukocyte culture should consist of single flattened, transparent cells uniformly distributed on the surface of the culture tablets with a density of at least 400–500 cells per field of view under low magnification (ocular × 10, lens × 10).

d. Infect cells with ASFV strain, Mozambique-78, 102.0–103.0 HAU50/25 μL/well. Leave the «cell culture controls» row not infected (Table 1).

e. Incubate plates overnight at 37°C in CO2 incubator.

3. On day 4, take the following steps:

a. Prepare a separate 48-well plate, with two-fold serum dilutions (1:2 to 1:256) of IS1, IS2, PS, and NS in CBLGM. Dispense 100 μL of CBLGM into 8 wells, occupying four rows (A-H) of the 48-well plate. In rows 1–4 (Table 1), add 100 μL of swine serum to each well, creating a 1:2 dilution. Ensure duplicates of each sample are included. Additionally, include suitable positive and negative controls in the plate.

b. Add 25 μL of the serum dilutions to the appropriate wells with infected cells.

c. Incubate plates at 37°C for 2 h in a CO2 incubator.

d. To each well, add 50 μL of 1% swine RBC.

e. Incubate plates overnight at 37°C in a CO2 incubator.



TABLE 1 Determination of working serum dilution (WSD).
[image: Table1]

On day 5, read hemadsorption using an inverted microscope. Note: the maximum dilution of each serum at which HAdI is complete (no rosetting cells) and write down the value. Monocytes/macrophages infected with ASFV with no anti-ASFV serum display a representative hemadsorption pattern. The result interpretation is represented in Table 1. Thus, the WSD of swine blood sera for IS1 and IS2 are 1:320 and 1:160, respectively.




2.4.2. The hemadsorption inhibiting test

The method of setting the HAdI test used at FRCVM differs from the method of Malmquist (1963) in that before setting the reaction, the cultures of the PBLS or PBMC cells are washed with a nutrient media to reduce the number of red blood cells and remove loose cells. The sequence of addition of virus and serum does not play a fundamental role in this modification, since 2–3 days pass before the manifestation of hemadsorption (Vigário et al., 1970; Balyshev et al., 2015). The HAdI test is carried out with a micro method in cultured plastic 48-well micropanels. The HAdI test is performed with the following controls: cell cultures (cell culture to assess the quality of cell culture), type-specific serums (for the absence of non-specific hemadsorption), reference strains of I-IX seroimmunotypes, and test isolates of ASFV (for the presence of characteristic hemadsorption). The test uses type-specific sera, the WSD of which is determined in a preliminary experiment with reference strains of the ASFV.

The HAdI test for determining the serotype of ASFV isolates is carried out using the method described below, using 48-well plastic micropanels.


2.4.2.1. Materials and equipment

PBLS (see 2.1). For serotyping purposes, the following reference strains of ASFV were utilized: I – Lisbon-57, II – Congo-49, III – Mozambique-78, IV – France-32, V – TSP-80, VI – TS-7, VII – Uganda, VIII – Stavropol 01/08, and IX – Davis. These viruses were propagated through 1–2 passages in cultures of PBLS cells, resulting in a viral titer ranging from 106.0 to 107.5 HAU50/mL. In this study, we investigated the serotype classification of the Katanga-78 and Kaluga-20 isolates. Type-specific pig anti-ASFV serum of serotypes I-IX, with the WSD in the HAdI test not lower than 1:40 (as a rule, 1:80–1:320).


2.4.2.1.1. Hardware

2.4.2.1.1. Hardware. Laminar flow cabinet, CO2 incubator, refrigerator (4°C), freezer (− 40°C), and inverted microscope.



2.4.2.1.2. Consumables

2.4.2.1.2. Consumables. Multichannel pipettes, automatic pipettes with a volume of 20–200 μL, 100–1000 μL, aerosol-resistant filter tips, and sterile 48-well Nunc cell culture plate with TC treatment.



2.4.2.1.3. Chemical reagents

2.4.2.1.3. Chemical reagents. Complete blood leukocytes growing media: The EMEM containing 10% of FBS, penicillin (100–200 IU/mL), and streptomycin (100–200 mg/mL).




2.4.2.2. Method

1. On day 0, prepare a suspension of PBLS with a concentration of 3.0–4.0 million cells/mL. The working volume, 1.0 mL, of the prepared suspension of cells is introduced into each well of culture plates, and into each well of the 48-well plate. Culture plates in a CO2 incubator with a CO2 content of 5% and a relative humidity of 90%, and incubate at a temperature of 37°C for 3 days.

2. On day 3, take the following steps:

a. Calculate the dilution of viral materials I-IX of seroimmunotypes to achieve a concentration of 102.0–103.0 HAU50/25 μL for the HAdI test (Table 2).

b. Dilute viruses in CBLGM.

c. Assess the status of adherent cells in each well of the plate. To eliminate non-adherent cells, perform a gentle wash by pipetting up and down in each well using an automatic pipette equipped with 1000 μL and discard the medium from the wells. Finally, add 450 μL of CBLGM to each well.

d. Infect cells with ASFV 102.5–103.0 HAU50/25 μL/well.

e. Calculate the dilution of reference sera so that after adding them to the wells in a volume of 25 μL, they reach the working dilutions.

f. Add 25 μL of the serum dilutions to the infected cells according to Table 2.

3. On days 4–7 read hemadsorption using an inverted microscope. Record the results. The results interpretation is represented in Table 2. Thus, the investigated isolate Katanga-78 belongs to the serotype I and isolate Kaluga-20 belongs to the serotype VIII. HAdI is taken into account after 48–72 h in the presence of well-expressed hemadsorption in the virus controls (at least 2–5 cells with specific hemadsorption in the field of view of the microscope, 400×) and its absence in the controls of type-specific sera and cell culture. Type-specific sera should inhibit the hemadsorption of homologous reference strains of ASFV and should not inhibit the hemadsorption of heterologous reference strains. Inhibition of hemadsorption of the studied isolate by one of the nine type-specific reference sera indicates that it belongs to the virus serotype for which this serum was obtained. The scheme of setting the HAdI test with the ASFV is shown in Table 2.



TABLE 2 Serotyping scheme of the studied African swine fever virus (ASFV) isolates in the hemadsorption inhibiting test (HAdI).
[image: Table2]


2.4.2.2.1. Note

1. In the absence of inhibition of hemadsorption with reference sera, the test virus should be temporarily assigned to the group of untyped ASFV isolates.

2. When preparing for serotyping in HAdI, it is important to follow the recommendation to use the appropriate reference virulent strains of the ASFV to determine the activity of type-specific sera. The use of attenuated virus strains of the same seroimmunotype for this purpose may distort the result. It was found that the titers of type-specific sera in HAdI with virulent strains were 1.7–2.8 log2 lower than with the attenuated strains. The highest differences, by 29.5 times, were noted with the attenuated strain FK-32/135 inducing “loose” hemadsorption and with the virulent strain France-32, belonging to the IV seroimmunotype, inducing “dense” hemadsorption (Sereda et al., 2016). These differences could be a consequence of differences between virulent and attenuated strains in the proportion of the circumference of erythrocytes in contact with the plasmalemma of infected macrophages during hemadsorption, or differences in the structure of strain populations based on the number of red blood cells attached to infected macrophages (Sereda et al., 2016).

3. For long-term storage, serums specific to the reference type are lyophilized.

4. To reduce the number of reference strains and sera used in animal seroimmunotyping, geographical isolation sites of the ASFV are preliminarily evaluated. For example, on the Iberian Peninsula, the presence of ASFV I and IV seroimmunotypes is possible, whereas in West Africa, the presence of the following seroimmunotypes is registered: ASFV I, II, and IV (Malogolovkin et al., 2015).






2.5. Immunological test

The seroimmunotype appurtenance of the studied isolates, previously assigned based on the results of the HAdI test to the same group with ASFV strains of the corresponding seroimmunotype, is determined by an immunological test on pigs (Balyshev et al., 2011).


2.5.1. Materials and equipment

Pigs (see 2.1.1), PBLS (see 2.1).


2.5.1.1. Hardware

Laminar flow cabinet, CO2 incubator, refrigerator (4°C), freezer (− 40°C), analytical balance, inverted microscope, and thermometer.



2.5.1.2. Consumables

Multichannel pipettes, automatic pipettes with a volume of 20–200 μL, 100–1000 μL, aerosol-resistant filter tips, a sterile 48-well Nunc cell culture plate with TC treatment, and 1.0 mL syringes.



2.5.1.3. Chemical reagents

Complete blood leukocytes growing media: The EMEM containing 10% of FBS, penicillin (100–200 IU/mL), and streptomycin (100–200 mg/mL).




2.5.2. Method

• The infectious activity of the tested isolate, as well as the attenuated and virulent reference strains of the ASFV, is determined in the cultures of PBLS (See 2.3.2).

• Pigs (eight heads) are inoculated twice, intramuscularly, with an interval of 14 days with attenuated ASFV strain MK-200 at a dose of 106.0–107.5 HAU50.

• Then, after 28 days from the second inoculation, four pigs are intramuscularly infected with a virulent reference strain Mozambique-78 at a dose of 103.0 HAU50, and four with the studied isolate at the same dose. To control virulence, an additional two intact pigs each are infected in a similar way with a virulent reference strain of the ASFV and a test isolate at a dose of 103.0 HAU50.

• During the experiment all pigs are monitored in terms of body temperature and other clinical signs of ASF. As a rule, during this time, the death of control animals is observed. The specificity of the disease and death from ASF of experimental pigs is confirmed by the isolation of the virus in the culture of PBLS.

• In the absence of death of at least 3/4 of pigs inoculated with an attenuated strain and subsequently infected with a virulent reference strain or a test isolate of the ASFV, they are considered to have an immunological correspondence and belong to the same seroimmunotype.


2.5.2.1. Note

1. In case the pigs inoculated with an attenuated strain and infected with a test isolate die from ASF, then this isolate does not have an immunological correspondence with the attenuated and virulent reference strains taken in the experiment. According to the existing classification, it should be assigned to the group of strains that do not match the results of serotyping in the HAdI test and in the immunological sample.

2. If intact pigs infected with the tested isolate of the virus (virulence control) did not show signs of disease, characteristic symptoms, and did not die from ASF, this indicates its low virulence. After 21 days, these pigs are infected with a virulent reference strain of ASF virus of the presumed serotype. In case of survival of the pigs, the tested isolate of ASF virus is classified as belonging to the same serotype as the reference strain used.






3. Discussion


3.1. Comparative analysis of the genotyping and seroimmunotyping of the African swine fever virus

In 2015, a new approach was proposed that makes it possible to predict with a high degree of probability the seroimmunotype belonging to both hemadsorbing and non-hemadsorbing isolates of the ASFV (Malogolovkin et al., 2015). It is based on sequencing and phylogenetic analysis of the EP402R gene coding the major glycoprotein CD2v of the ASFV, responsible for the phenomenon of hemadsorption during reproduction of the ASFV (Borca et al., 1998; Malogolovkin and Kolbasov, 2019). Now, the method of “serotyping” uses a short fragment of the EP402R gene 90 nucleotides long (Thanh et al., 2021). However, in our opinion, the results of “serotyping” based on the nt sequence of the EP402R gene should be necessarily confirmed by studies of the antigenic properties of isolates in the HAdI test and IT.



3.2. Determination of the immunotype of non-hemadsorbing African swine fever virus isolates

The HAdI test is not applicable to determine the type of non-hemadsorbing ASFV isolates. Therefore, only an IT is used. If the non-hemadsorbing isolate is virulent, then its type affiliation is determined in an immunological test on pigs previously inoculated with attenuated strains of the ASFV. If the studied non-hemadsorbing isolates of the ASFV are avirulent or weakly virulent, then they are used on vaccinated pigs twice with an interval of 14 days; then, after 28 days pigs are infected with virulent hemadsorbing reference strains of the ASFV of various seroimmunotypes.



3.3. Heterologous seroimmunotype isolates

The seroimmunotype classification has demonstrated its adequacy in studies on obtaining candidate live vaccines based on the selection of attenuated ASFV strains (Sereda et al., 2020). Another result of the application of the seroimmunotype classification was the proof of the heterogeneity of the Kiravira-67 isolate; it is a parent isolate to the four strains that belong to different seroimmunotypes: I, III, V, and VI (Sereda et al., 2014).

It should be noted that the final result of seroimmunotyping is achieved only as a result of setting an immunological test on pigs. Hemadsorption inhibiting test or phylogenetic analysis data on the EP402R gene should be considered preliminary. It was indicated above that the X group according to the seroimmunotype classification includes ASFV strains in which the HAdI results do not coincide with the IT (Sereda et al., 2020). A possible reason for this may be the formation of a mixed ASFV population consisting of isolates/strains of two or more seroimmunotypes. It has been experimentally established that when pigs are infected with mixtures of ASFV strains of two different seroimmunotypes, there is a persistent dominance in the manifestation of hemadsorption of one strain over the other (Sereda et al., 2014).



3.4. Exotic serotyping tests

By utilizing the radioimmunoprecipitation assay, researchers identified a significant virus-specific glycoprotein known as gp110-140 (also referred to as CD2v). This glycoprotein exhibited a molecular weight ranging from 110 to 140 kDa and displayed a characteristic dumbbell-shaped band, which is typical for highly glycosylated proteins (Sereda et al., 1993, 2018). For its detection, two principal conditions were required: (1) use of the metabolically 3H-glycosamine-labeled proteins derived from lysates of PBM naturally susceptible A-cells infected with ASFV hemadsorbing strains as an antigen source; and (2) use of the homologous antisera with high activity in HAdI as an antibody source. Through extensive investigations, the serotype specificity of gp110-140 has been successfully determined (Sereda et al., 2018). While using some homologous components in the radioimmunoprecipitation assay, the dumbbell-like bands of gp 110–140 manifested as the major ones. In the assays using heterologous components, gp 110–140 was not detected in the fluorograms or manifested less intensively as compared to the results of the homologous assay.

A method exists for quantitative assessment of the serological relationship of hemadsorbing ASFV strains. Results of radioimmunoprecipitation are to be recorded not through a visual examination of the fluorogram, but by the number of pulses per minute using a β-counter. 3H-glucosamine labeled gp 110–140 preparations, derived from hemadsorbing ASFV reference strains purified with ion-exchange chromatography on DEAE-Sephacel, were used as antigens for the quantitative version of the radioimmunoprecipitation procedure. The percentage of specific binding obtained with the control sera of intact pigs was not greater than 3%. The serological relationship of gp110-140 with serotype-heterologous antisera varied from 20 to 45% which indicates that the gp110-140 contains both homologous and heterologous epitopes (Sereda et al., 1998, 2018). Thus, the serotype specificity of gp110-140 was confirmed using two versions of radioimmunoprecipitation assay.

In summary, the described seroimmunotyping technique is based on the combination of two immunological tests in vitro and in vivo. It provides adequate experimental results during the development and evaluation of the protective properties of candidate vaccines against ASF. Knowledge about the seroimmunotype assignment of isolates/strains is useful in monitoring ASF, determining the phylogenetic relationships of virus isolates, and confirming the possible source of virus introduction.
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Mycoplasma hyopneumoniae (M. hyopneumoniae) is considered the primary causative agent of porcine enzootic pneumonia (EP), a chronic contagious respiratory disease that causes economic losses. Obtaining new pathogenic isolates and studying the genome and virulence factors are necessary. This study performed a complete sequencing analysis of two Brazilian strains, UFV01 and UFV02, aiming to characterize the isolates in terms of the virulence factors and sequence type. The complete genome analysis revealed the main virulence genes (mhp385, mhp271, MHP_RS03455, p102, p97, p216, MHP_RS00555, mhp107) and ST-123, the presence of three toxin-related genes (tlyC, PLDc_2 and hcnC), and some genetic groups specific to these two isolates. Subsequently, the pathogenicity of the isolates was evaluated via an experimental infection conducted in a swine model. The study was divided into three groups, namely a negative control group (n = 4) and two test groups (n = 8), totaling 20 animals. They were challenged at 35 days of age with 107 CCU (Color Changing Units) M. hyopneumoniae via the intratracheal route. The UFV01 group showed earlier and higher seroconversion (IgG) (100%), while only 50% of the UFV02 group seroconverted. The same trend was observed when analyzing the presence of IgA in the bronchoalveolar lavage fluid (BALF) at 35 days post-infection (dpi). The UFV01 group had a mean macroscopic lesion score of 11.75% at 35 dpi, while UFV02 had 3.125%. Microscopic lesions were more severe in the UFV01 group. Based on laryngeal swab samples evaluated by qPCR, and the detection began at 14 days. The UFV01 group showed 75% positivity at 14 dpi. The UFV02 group also started excreting at 14 dpi, with a positivity rate of 37.5%. The results indicate that the UFV01 isolate exhibits higher virulence than UFV02. These findings may aid in developing new vaccines and diagnostic kits and establishing experimental models for testing.
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 UFV01, UFV02, respiratory disease, experimental challenge, Swine. Mycoplasma hyopneumoniae, genome, virulence, lesion


1 Introduction

Mycoplasma hyopneumoniae (M. hyopneumoniae) is the primary agent of enzootic pneumonia (EP), belonging to the phylum Firmicutes and the class Mollicutes. The Mycoplasma genus has genomes ranging from 580 to 2,200 kpb in size, with that of M. hyopneumoniae measuring 900 kpb and 300 to 900 nm in diameter. They lack a cell wall, have varied morphology, and are enveloped by a 10 nm thick plasma membrane. Their molecular biology is similar to that of gram-positive bacteria (Kobisch and Friis, 1996; Simionatto et al., 2013). M. hyopneumoniae is a globally distributed pathogen specific to domestic pigs (Sus scrofa domesticus) and wild boars (Sus scrofa scrofa) (Maes et al., 2008). EP is a chronic (Pieters et al., 2009), slowly spreading infectious disease (Roos et al., 2016) characterized by bronchopneumonia. Clinically, it manifests as a dry cough, delayed weight gain, high morbidity, and low mortality (Kuhnert and Overesch, 2014; Maes et al., 2017).

The factors contributing to the severity of EP include management and housing conditions, as well as the virulence of the infecting strain. Variations in virulence have been demonstrated among different field isolates of M. hyopneumoniae, leading to a classification of low, medium, and high pathogenicity based on clinical signs and lesions (Vicca et al., 2003; Meyns et al., 2007; dos Santos et al., 2015; Leal Zimmer et al., 2020). M. hyopneumoniae employs various mechanisms of pathogenicity such as cell adhesion (Siqueira et al., 2014; Raymond and Djordjevic, 2015; Leal Zimmer et al., 2020), secretion, signaling (Beuckelaere et al., 2022), cytotoxicity, apoptosis, and immunomodulation (Bai et al., 2013; Ni et al., 2015; Deeney et al., 2019; Yu et al., 2020), some of which are not fully understood (Leal Zimmer et al., 2020). Due to the uniqueness of mycoplasmas compared to other studied pathogens, there is limited opportunity to identify known homologous genes in other pathogens (Rycroft, 2020).

Mycoplasma hyopneumoniae adheres to respiratory epithelial cells, induces infiltration of macrophages and lymphocytes, and triggers the accumulation of inflammatory cells, leading to an inflammatory response (Woolley et al., 2012). This process destroys the mucociliary apparatus of the respiratory epithelium, alters the cell architecture, and results in ciliary loss, predisposing individuals to secondary infection (Woolley et al., 2012; Bustamante-Marin and Ostrowski, 2017). Several researchers described and studied mechanisms contribute to M. hyopneumoniae ability to colonize the respiratory tract and actively excrete the pathogen over extended periods (Leal Zimmer et al., 2020).

Colonization of the respiratory ciliated epithelium by M. hyopneumoniae specifically depends on the expression of two functionally redundant adhesin families, P97 and P102 (Siqueira et al., 2014). Approximately 20–30% of the genes in M. hyopneumoniae are responsible for surface protein expression, although many of their functions remain unknown (Felde et al., 2018). Adhesins are crucial, with at least 35 proteins are associated with cell adhesion, including several related to the P97/P102 families (Zhang et al., 1995; Bogema et al., 2012; Siqueira et al., 2014; Raymond and Djordjevic, 2015; Leal Zimmer et al., 2020).

Up to the present moment, 26 genomes deposited at NCBI can be found completely sequenced. The M. hyopneumoniae strain J was obtained by Friis in the United Kingdom in 1957 as first isolated (Kobisch and Friis, 1996) and its genome was sequenced in 2005 (Vasconcelos et al., 2005). The other isolates sequenced originate 232 United States (Minion et al., 2004); 7,422 and 7,448 Brazil (Vasconcelos et al., 2005; Siqueira et al., 2013); 168/168-L China (Liu et al., 2011); 11 Netherlands (Kamminga et al., 2017); 98 Netherlands; F7.2C Switzerland (Trueeb et al., 2019); KM014 South Korea (Han et al., 2017); LE China (Xie et al., 2021); TB1 China (Qiu et al., 2019); ES2-L China (Zong et al., 2022) ES2 China; MHP699, MHP650, MHP653, MHP679, MHP682, MHP691, MHP694, MHP709, MHP696 France; NCTC10127 UK and UFV01/UFV02 Brazil.

In Brazil, few studies have reported on the characterization of M. hyopneumoniae strains in the country (Yamaguti, 2009; dos Santos et al., 2015; Andrade et al., 2023). Currently, only isolates 7,422 and 7,448 have been completely sequenced and deposited in the NCBI by another research group (Vasconcelos et al., 2005; Siqueira et al., 2013).

Therefore, the objective of this study is to perform a comparative genomic analysis between the UFV01 and UFV02 isolates, as well as with others deposited in the NCBI database. Additionally, the aim is to induce infection in pigs using these two specific M. hyopneumoniae isolates to characterize virulence through clinical signs and induced lesions, and to identify variations in antibody levels, DNA load and cytokines.



2 Materials and methods


2.1 Origin and cultivation of the UFV01 and UFV02 isolates

The isolates were obtained through the collection of lungs suspected of EP from slaughtered animals originated from a property located in the Piranga Valley in the state of Minas Gerais, Brazil (Gonzaga et al., 2019). The isolation for obtaining pure cultures was performed following the standardized methodology by Cook et al. (2016).

The isolates were cultured in 1x Friis medium (liquid) and 2.8x Friis medium (solid) and prepared according to Cook et al. (2016). They were reactivated in a liquid medium at a ratio of 1:9 (frozen inoculum to medium). The test tubes were incubated at 37°C and observed daily until a color change occurred. Bacterial growth was evidenced by the alteration of the medium’s color. Three passages were performed to reactivate the isolate, and after the fourth passage, the inoculum was aliquoted into individual volumes of 10 mL and frozen at −80°C until the time of inoculation. The isolates were quantified using the Color Changing Units (CCU) technique, performed according to Calus et al. (2010). In parallel, the isolates were cultured on 2.8x solid Friis medium to visualize the colony morphology. The isolates were incubated for seven days in an oven at 37°C as described by Cook et al. (2016).



2.2 Whole genome sequence analysis of UFV01 and UFV02

The DNA extraction of the isolates (UFV01 and UFV02) was conducted using a Wizard® Genomic DNA Purification Kit (PROMEGA®, United States) following the manufacturer’s recommendations. A private company (MicrobesNG/United Kingdom) performed the quantification, library preparation, and sequence steps. The raw data (pair-end 150 bp) were trimmed using the Trimmometics software (Bolger et al., 2014) and quality was analyzed using FastQC (Andrews, 2017). The contigs were assembled by the De novo technique, using the SPADES 3.15.3, MIRA 4.9.6, and A5-Miseq software (Chevreux et al., 2004; Tritt et al., 2012; Nurk et al., 2013), and the results were evaluated by with the Quality Assessment Tool for Genome Assemblies – Quast (Gurevich et al., 2013) to choose the best assembly.

The annotation and subsystem classification were made using Prokka 1.14.6 (Seemann, 2014), the Bacterial and Viral Bioinformatics Resource Center (BV-BRC) platform (Olson et al., 2023) and the files built by the Genbank deposit. The virulence factors, toxin gene prediction, resistance genes, and sequence typing (ST) were analyzed using the online platforms Virulence Factors of Pathogenic Bacteria – VFPB,1 PathoFact version 1.0 (de Nies et al., 2021), the Comprehensive Antibiotic Resistance Database – CARD tools (McArthur et al., 2013), and pubMLST (Jolley et al., 2018) for sequence type determination, considering a cutoff of 70% for the scores of identity and similarity to determine their presence in the genetic system of the bacteria. The genome comparison was performed using BLAST Ring Image Generator (BRIG) (Alikhan et al., 2011) and Anvio-7.1 (Delmont and Eren, 2018; Eren et al., 2020). Orthologue group genes were analyzed and compared using the Orthofinder 2.5.2 software (Emms and Kelly, 2019). The two isolates were compared with 22 assemblies from the NCBI database. The strains used were 98 (Access Number: ASM1341272v1), ES-2 (Access Number: ASM476872v1), ES-2 L (Access Number: ASM1340275v1), F7.2C (Access Number: ASM792398v1), J (Access Number: ASM820v1), KM014 (Access Number: ASM225750v1), MHP650 (Access Number: ASM983217v1), MHP653 (Access Number: ASM983194v1), MHP679 (Access Number: ASM983212v1), MHP691 (Access Number: ASM983208v1), MHP694 (Access Number: ASM983190v1), MHP696 (Access Number: ASM983203v1), MHP699 (Access Number: ASM983185v1), MHP709 (Access Number: ASM983207v1), NCTC10127 (Access Number: 51334_A01-3), LH (Access Number: ASM2138386v1), 168 (Access Number: ASM18318v1), 168 L (Access Number: ASM40085v1), 232 (Access Number: ASM840v1), 7,422 (Access Number: ASM42721v1), 7,448 (Access Number: ASM822v1), and TB1 (Access Number: ASM221348v1) (Supplementary material S1).



2.3 Experimental design and sample collection

Approximately 23-day-old Landrace x Large White piglets, with an average weight of 7.585 ± 0.591 kg, were acquired from the Agroceres PIC company; all tested negative for M. hyopneumoniae. All procedures were performed following the approval of the code of conduct for the use of animals in teaching, research, and extension of the Federal University of Viçosa, regulation 39/2021.

After the arrival of the animals, they underwent a 12-day adaptation period in the facilities. All animals tested negative in the qPCR (Fourour et al., 2018) for agent detection and for the presence of anti- M. hyopneumoniae (IgG) antibodies in ELISA M. hyopneumoniae Ab test (IDEXX, United States). The study was divided into two test groups (n = 8 each) and one negative control group (n = 4), totaling 20 animals. One test group was inoculated with the UFV01 isolate, the second group was inoculated with the UFV02 isolate, and the negative control group was inoculated with the Friis medium. The animals were kept in disinfected pens and isolated from the external environment in the isolation unit.

After the 12-day acclimation period, at 35 days of age, the animals in the test groups were intratracheally challenged with 10 mL of inoculum containing 1×106 CCU/mL. The negative control group was inoculated with 10 mL of Friis medium. Throughout the entire experimental period, no form of antimicrobial agent was administered through either water or food.

On day 0 (day inoculation), and 7, 14, 21, 28, and 35 days post inoculation, serum and laryngeal swab samples were collected to assess the seroconversion curve and agent excretion. On 35 dpi, all animals were euthanized. Bronchoalveolar lavage fluid (BALF) samples were collected at 35 dpi, immediately after euthanasia.

Duplicate samples of lung lesions for qPCR analysis were collected from portions with suggestive lesions of porcine EP and stored in cryotubes, then kept in liquid nitrogen (−196°C) until DNA extraction.



2.4 Evaluation of the clinical signs

Following the challenge, a daily monitoring routine was implemented in the morning for a duration of 40 min. This monitoring involved observing the animals for 20 min while they were agitated in the stall. Then, the animals were evaluated for 20 min under rest conditions. Incidences of non-productive dry cough episodes occurring during this specified period were systematically quantified and documented by a single observer, who remained blinded to the study’s conditions, in accordance with the research conducted by Silva et al. (2022).



2.5 Cytokine evaluation

The tests for cytokine quantification in serum were performed using the Invitrogen IL-10 Porcine ELISA Kit, IFN-gamma Porcine ELISA Kit, and TNF-alpha Porcine ELISA Kit (Thermo Fisher Scientific®, Wilmington, DE, United States). These kits are based on a standard curve within a range of 500 to 7.8 pg./mL for IL-10 and IFN-gamma, and 1,500 to 23.4 pg./mL for TNF-alpha. The samples were tested on two plates. The standard curve was determined by the ELISA reader program and constructed in 4-parameter mode, with the concentration determined kit provided values and according to the quantification obtained in the tests.



2.6 ELISA for detection of anti- Mycoplasma hyopneumoniae IgG and IgA

Blood collection was performed on 0, 7, 14, 21, 28, and 35 dpi from the orbital sinus. The collected samples were centrifuged at 8,000 g for 15 min, and 1 mL of serum was stored and kept at −20°C until use. Anti- M. hyopneumoniae IgG antibodies were detected from serum samples using the M. hyopneumoniae Ab test (IDEXX, United States), which is a commercial indirect ELISA kit (99.6% specificity and 89.4% sensitivity). The test was conducted following the manufacturer’s recommendations. The S/P calculation was also performed according to the manufacturer’s instructions. As this was an experimental infection, S/p values above 0.3 were considered positive. For the IgA ELISA in BALF, we used the methodology standardized by Mechler-Dreibi et al. (2021). The test is based on the use of reagents and plates from the commercial M. hyopneumoniae Ab kit (IDEXX, United States), with some modifications.



2.7 Detection of Mycoplasma hyopneumoniae DNA by real time qPCR

The laryngeal swab, lung tissue, and BALF samples had their DNA extracted using the adapted methodology described by Kuramae-Izioka (1997). As endogenous controls for the DNA extractions from the samples, a primer designed by Assao et al. (2019) was used, which amplifies a 107 bp region of the 18S ribosomal gene (GenBank: AY265350.1).

For the detection of the M. hyopneumoniae genome in the samples, the set of primers and probes described by Fourour et al. (2018) was used: forward primer: 5’ TAAGGGTCAAAGTCAAAGTC-3′, reverse primer: 5′- AAATTAAAAGCTGTTCAAATGC-3′, and hydrolysis probe: 5′- FAM-AACCAGTTTCCACTTCATCGCC-BHQ2-3′. A fragment of M. hyopneumoniae DNA was amplified by conventional PCR and cloned using the CloneJET PCR Cloning Kit (Thermo Fisher®) for the construction of the standard curve. All samples were tested in duplicate, and those showing a variation greater than 0.5 Ct were tested again in triplicate.

The reaction consisted of 10 μL of 2X iTaqTM Universal Probes Master Mix (Bio-Rad, California, EUA), 1 μL of each primer at 10 nmol/μl (Invitrogen, USA), 0.6 μL of the hydrolysis probe at 10 nmol/μl (IDT, Iowa City, USA), 5.4 μL of ultrapure water, and 2 μL of DNA per sample, totaling 20 μL of reaction. The qPCR was performed on a CFX-96 real-time thermocycler (Biorad, United States) under the following conditions: an initial denaturation cycle at 95°C for 3 min, followed by 39 cycles of 95°C for 15 s and annealing/extension at 55.7°C for 1 min (Almeida et al., 2020).



2.8 Macroscopic and microscopic lesions

After the euthanasia of the animals at 35 days of infection, lung lesions compatible with swine EP were scored according to the methodology described by Straw et al. (1986). Each of the lung lobes was assessed macroscopically and the percentage of surface area affected by lesions was estimated. The value was multiplied by the weight that each lung lobe represented in relation to the total surface area the lesions can range from 0% (no lesions) to 100% (entire lung affected). The evaluated characteristics included red and firm consolidation in the apical, cardiac, accessory, and diaphragmatic lobes.

Histological slides were prepared for semiquantitative classification of microscopic lesions. The method to mensurate the lesions was adapted from a study published by Hansen et al. (2010). The sections were systematically examined by evaluating the following structures in each section: bronchi, bronchioles, bronchus-associated lymphoid tissue (BALT), alveolar ducts, and alveoli, including alveolar septa, peribronchial, peribronchiolar, and interlobular connective tissues, and pleura. BALT hyperplasia was graded as follows: (−) absent; (1) mild, diffuse infiltration of lymphocytes in peribronchial, peribronchiolar, and perivascular tissues, including the lamina propria of the airways; (2) moderate increase in diffuse lymphocyte infiltration and/or presence of some lymphoid nodules; and (3) with marked the number of lymphoid nodules. Bronchopneumonia and pleuritis lesions were graded in the same way, according to the intensity of the lesions. The pathologists were blinded to assess clinical and lesions data.



2.9 Differential diagnosis

Individual lung swabs were collected from the animals and subjected to total RNA extraction using the commercial RNA extraction kit from Promega United States – ReliaPrep™ RNA Miniprep Systems for the diagnosis of the Influenza A virus using conventional PCR methodology. The primers used in the PCR reactions as a reference were described by Fouchier et al. (2000). For the detection of the bacterial agents (Glaesserella parasuis, Pasteurella multocida, Mycoplasma hyorhinis, Streptococcus suis, and Actinobacillus pleuropneumoniae), the qPCR technique was used with DNA samples obtained from the BALF, following the methodologies previously described (Bonifait et al., 2014; Fourour et al., 2018; Goecke et al., 2020; Han et al., 2020; Sunaga et al., 2020), respectively (Supplementary material S2).



2.10 Statistical analysis

The quantitative variables were assessed using the Shapiro–Wilk test to check for the normality of errors and the Levene test to assess the homogeneity of variances. Data that did not meet the assumptions of normality and homoscedasticity were subjected to statistical transformations. The degrees of freedom for repeated measures ANOVA were adjusted using the Greenhouse–Geisser correction for the factors of day and the day x treatment interaction. Non-parametric data were subjected to the Wilconxon test with significance of p < 0.001.

The data were evaluated using linear models with repeated measures over time, and pairwise comparisons between means were performed using the Tukey’s test (p < 0.05). Statistical analyzes were conducted using R software, version 4.2.1 (R Core Team, 2022).




3 Results


3.1 WGS analysis

The genomes UFV01 (NCBI: PRJNA542605), and UFV02 (NCBI: PRJNA542605) were previously deposited in the NCBI, with UFV01 presenting 909.816 pair bases, 28.4% G + C content, and 751 CDS; UFV02 presented 959.419 pair bases, 28.5% GC content and 788 CDS. Features such as genome size, number coding system, and GC content were like those of other genomes in the NCBI library. For the CDS and subsystem identification, the protein files obtained from GenBank were used in the BV-BRC platform annotation showed differences in the number of coding sequences and subsystem features (Figure 1), accounting for 58–60% for the CDS identified and 16 predicted subsystems important to classify the genes according to their genes.
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FIGURE 1
 Sixteen class category distributions of UFV01 (internal circle) and UFV02 (external circle), annotated by Bacterial and Viral Bioinformatics Resource Center (BV-BRC) using as reference the taxonomy ID: 2099 – Mesomycoplasma hyopneumoniae. Each color and Roman numeral identify different function Class, while the numbering inside the circles represents number of genes. The arrow in gray suggests how the caption should be read.


UFV01 and UFV02 presented 16 different function classes (Figure 1). Inside of the classes, UFV02 presented 324 annotated genes, and 81 subsystems. In contrast, UFV01 presented 319 annotated genes, thus denoting more genes attributed to the former. Moreover, UFV01 had fewer annotated genes related to protein synthesis (Figure 1-XIII), with four less than UFV02. In addition, it presented two genes less for energy and precursor metabolites generation (Figure 1-VI) and one gene less for RNA Processing (Figure 1-XV). However, it showed two more genes related to Stress Response, Defense, and Virulence (Figure 1-XVI). The smaller number of annotated genes could be related to the larger number of genes with still unidentified characteristics.

The virulence factors identified for both isolates were mhp385, mhp271, MHP_RS03455, p102, p97, p216, MHP_RS00555, and mhp107, and the characterized toxins were tlyC (putative hemolysin), PLDc_2 (PLD-like domain) and hcnC (hydrogen cyanide synthase HcnC). The sequence type for these two isolates characterized using the PubMLST platform was the same and was classified as ST-123. No resistance genes were found in these isolates, except for the isolate UFV02, which presented the gene KpnF related to efflux pumps for different compounds (macrolide, aminoglycoside, cephalosporin, tetracycline, peptide antibiotic, rifamycin, disinfecting agents and antiseptics).

The genome comparison is shown in Figure 2. Overall, UFV01 and UFV02 present genomes with few gaps compared to other genomes. Some gaps seem to be present in all genomes when compared to the J strain (analysis reference). Comparing the core-genome analysis (Figure 3), UFV01 presents more exclusive genetic clusters (singletons) that are individual genes without any homologs compared to UFV02. However, the genome of TB1, which is of Chinese origin, had the most compared to all other genomes in this study.
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FIGURE 2
 Comparison of Mycoplasma hyopneumoniae isolates UFV01 and UFV02 with 22 references assemblies from NCBI using the BLAST Ring Image Generator (BRIG) (Alikhan et al., 2011).
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FIGURE 3
 Pangenome of 22 reference assemblies downloaded from NCBI and the two isolates, UFV01 (blue) and UFV02 (yellow), using Anvio-7.1 (Delmont and Eren, 2018; Eren et al., 2020). The figure illustrates the core-genome comparison, G + C content, length of genome, number of gene clusters, and singleton gene cluster. *Variable gene cluster.


The orthogroup analysis (Figure 4) showed that all genomes share 549 groups. For UFV01 and UFV02 specifically, a total of 03 orthogroups was reported only in these two isolates, and these strains seem to have few more orthogroups compared to the other genomes (Figure 4A). Considering all genomes in this genetics group, the UFV01 and UFV02 seems in the middle of the tree, being um side close of MPH groups strains (French), and the other side close of KM014 (South Korea), F7.2C (Belgium) and 7422/7448 (Brazil) strains (Figure 4B).
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FIGURE 4
 Orthogroup comparison of 22 NCBI reference assemblies and the isolates UFV01 (green) and UFV02 (gray), analyzed by the Orthofinder 2.5.2 software (Emms and Kelly, 2019). (A) The common and uncommon orthogroups from all genomes (B). Dendogram based on the presence or absence of orthogroups.




3.2 Evaluation of the clinical signs and lung lesions

The cough frequencies of the control, UFV01, and UFV02 groups were observed daily, as described in the methodology. From the first week onwards, animals in the UFV01 and UFV02 groups started to exhibit coughing episodes consistent with EP. The UFV01 group exhibited a higher numerical count of recorded coughs per 40 min in comparison to the UFV02 group at certain intervals (Figure 5A). When evaluating the release media for a duration of 40 min daily, considering the number of animals per group over the entire experimental period, all groups displayed statistically significant differences from one another. Specifically, the UFV01 group showed 0.44 coughs per pig per 40 min, while the UFV02 group exhibited 0.22, and the NC group registered 0.04 (Figure 5B).
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FIGURE 5
 (A) Cough frequency assessment graph. Orange line – Control group. Green line – UFV01 group. Blue line – UFV02 group. NC – negative control; dpi – days post inoculation. (B) Average daily number of coughs per animal in each experimental group over the 35-day challenge period, measured during 40-min day. Different letters indicate statistical significance based on the Wilcoxon test with a significance level of p < 0.001.


Macroscopic lesions characteristic of EP in the lungs were scored from 0 to 100% (indicating the extent of tissue affected). As can be observed in Figure 6, the group inoculated with the UFV01 strain exhibited more severe macroscopic lesions (p < 0.05). Specifically, the UFV01 group (Figures 7E–L) presented 11.75% (±6.60) macroscopic lesions at 35 dpi (Figure 6), and the UFV02 group (Figures 7M–T) exhibited 3.125% (±1.55) lesions. The animals in the control group (Figures 7A–D) showed 0% macroscopic lesions.
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FIGURE 6
 Bar graph on a scale of 0% (no lesions) to 100% (entire lung affected). *Different letters indicate significant differences detected in the Tukey’s test (p < 0.05).
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FIGURE 7
 Individual photos of the lungs from the control group at 35 dpi (A–D), lungs from the group inoculated with the UFV01 strain at 35 dpi (E–L), and lungs from the UFV02 group at 35 dpi (M–T).


The microscopic lesions found in the processed fragments consisted of bronchopneumonia, BALT hyperplasia, and pleuritis. They were scored according to Table 1 as absent (−), mild (1), moderate (2), and severe (3). Table 1 presents the frequencies of each respective lesion and its degree of involvement. Animals in the control group (NC) had no lesions. Animals in the UFV01 group had 50% mild bronchopneumonia lesions (4/8), 37.5% moderate lesions (3/8), and 12.5% severe lesions (1/8). Regarding the BALT analysis, 50% had moderate lesions (4/8) and 50% had severe lesions (4/8). In the UFV02 group 62.5% of the pigs had mild bronchopneumonia lesions (5/8) and 37.5% moderate lesions (3/8). The BALT analysis 62.5% mild lesions (5/8) and 25% moderate lesions (2/8) and one animal (1/8) in the UFV02 group showed no lesions. Only the UFV01 group had cases of pleuritis, with 25% mild (2/8) and 12.5% moderate (1/8).



TABLE 1 Description of quantified microscopic lesions (bronchopneumonia, BALT hyperplasia, and pleuritis).
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When comparing the mean scores of the lesions according to the scoring described in Table 1, the UFV01 group scored 1.62 for bronchopneumonia, 1.5 for BALT hyperplasia and 0.5 for pleuritis. On the other hand, the UFV02 group scored 1.37, 1.12, and 0.0, respectively, for the three aforementioned lesions (Table 1).



3.3 ELISA IgG and IgA

The animals in the control group remained negative throughout the study. The detection of IgG dynamics of both groups was not uniform. In the UFV01 group, seroconversion began at 21 dpi with 12.5% (1/8) of the animals, increased to 75% (6/8) at 28 dpi and reached 100% (8/8) by 35 dpi. In contrast, in the UFV02 group, only 50% (4/8) had seroconverted at 35 dpi (Figure 8A). The antibody levels generated by UFV01 were statistically higher than those of UFV02 at 21, 28, and 35 dpi, as observed in Figure 8A.
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FIGURE 8
 (A) Dynamics of IgG antibody detection and the number of positive animals during the experimental course of pigs inoculated with Mycoplasma hyopneumoniae using UFV01 and UFV02 isolates. (B) Dynamics of IgA antibody detection in BALF and the number of positive animals at 35 days after experimental inoculation with Mycoplasma hyopneumoniae using UFV01 and UFV02 isolates. Different letters indicate significant differences detected in the Tukey’s test (p < 0.05). *The bars indicate antibody levels (S/P) and the dashed lines indicate the percentage (%) of positive animals.


An analysis was conducted to detect IgA antibodies in the BALF of the three groups. No anti- M. hyopneumoniae IgA were detected in the NC group. In the UFV01 group, 100% (8/8) of the individuals tested positive, while only 50% (4/8) tested positive in the UFV02 group, as observed in Figure 8B. The animals that tested positive for IgA in the UFV02 group were the same individuals that tested positive for IgG.



3.4 qPCR of BALF, laryngeal swabs and lung tissue

Laryngeal swabs were collected and subjected to qPCR analysis to evaluate the positivity and bacterial load excreted by the groups. The onset of bacterial shedding occurred at 14 dpi. As observed in Figure 9A and Supplementary material S3, the UFV01 group had a positivity of 75% at 14 dpi (3.76×102 copies/μL), 87.5% at 21 dpi (4.36×102 copies/μL), 100% at 28 dpi (1.44×103 copies/μL), and 87.5% at 35 dpi (1.25×104 copies/μL). The UFV02 group also started shedding bacteria at 14 dpi, but with a positivity of 37.5% (1.82×102 copies/μL), 75% at 21 dpi (8.33×102 copies/μL), 87.5% at 28 dpi (1.44×103), and 87.5% at 35 dpi (2.50×103 copies/μL). It should be noted that one individual in the UFV02 group (T) tested negative on all days.
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FIGURE 9
 (A) Dynamics of the detection of Mycoplasma hyopneumoniae P102 gene fragment copies in laryngeal swabs and the number of pigs testing positive after experimental inoculation with the UFV01 and UFV02 isolates. (B) Dynamics of the detection of copies of the P102 gene fragment of Mycoplasma hyopneumoniae in BALF and lung tissue, and the number of experimentally inoculated pigs testing positive for the UFV01 and UFV02 isolates. Different letters indicate significant differences detected in Tukey’s test (p < 0.05) for the number of M. hyopneumoniae copies. *Bars indicate the number of copies per microliter of DNA detected, and the dashed lines show the percentage (%) of positive animals.


Regarding the bacterial loads shed throughout the experimental course, it can be observed in Figure 9A that both challenged groups (UFV01 and UFV02) differed statistically from the negative control group only from 14 to 35 dpi. Both test groups showed a numerical increase in DNA copy excretion from 14 to 35 dpi (Figure 9A; Supplementary material S3), but did not differ statistically from each other.

BALF and lung tissue samples were subjected to qPCR analysis to evaluate the bacterial load present in the respiratory system of the animals at 35 dpi, during euthanasia. As shown in Figure 9B, the NC group tested negative in both analyzes, confirming once again their complete negativity. The UFV01 group showed 100% positivity (8/8) in both the BALF and tissue analyzes, with respective average bacterial loads of 3.57×105 copies/μL and 2.63×106 copies/μL of DNA. The UFV02 group had 87.5% positivity in both assessments, with an average bacterial load of 6.32×106 copies/μL and 3.92×106 copies/μL of DNA, respectively. See Supplementary material S3 for more details.



3.5 Cytokines

Cytokines IL-10, IFN-gamma, and TNF-alpha were investigated in serum samples using commercial kits. IFN-gamma was not detected in any of the animal sera at all time points, possibly indicating that its blood concentration was below the test’s detection range. Regarding cytokine IL-10, as shown in Figure 10A, there was no significant increase or decrease throughout the experimental dynamics.
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FIGURE 10
 Dynamic graph of cytokine detection in the serum of swine experimentally inoculated with Mycoplasma hyopneumoniae with the UFV01 and UFV02 isolates. (A) IL-10 anti-inflammatory detections in pg./ml. (B) TNF-alpha proinflammatory cytokine detection in pg./mL. Different letters indicate a significant difference detected in the Tukey’s test (p < 0.05).


TNF-alpha remained higher in the UFV01 and UFV02 groups compared to the NC group at 0, 7, 14, and 21 dpi, but without reaching statistical significance. Only at 28 and 35 dpi did the UFV01 and UFV02 groups show statistically significant differences compared to the NC group (Figure 10B).



3.6 Differential diagnosis

All animals tested negative for Influenza A virus, Streptococcus suis and Glaesserella parasuis. The UFV01 and UFV02 groups showed 87.5% (7/8) positivity for Mycoplasma hyorhinis. As for Actinobacillus pleuropneumoniae, the UFV01 group exhibited 25% positivity (animals H and K; 2/8). All three groups tested 100% (8/8 and 4/4) positive for Pasteurella multocida.




4 Discussion

The comparative genomic analysis of two strains of M. hyopneumoniae and their distinct aspects related to virulence and pathogenicity can be better evaluated when associated with a series of biological processes and characteristics in clinical signs in swine. The UFV01 and UFV02 genomes, isolated in Brazil, had distinct characteristics related to their genomes even though they are genetically related to each other and to other genomes deposited in the NCBI database. The UFV01 strain had fewer annotated genes than strain UFV02, as well as other related yet distinct genetic traits such as nitrogen metabolism, nucleosides and nucleotides, and respiration. It also exclusively presented the KpnF gene related to the efflux pump, and had more exclusive genetic clusters (singletons) in its genome. Interestingly, and possibly associated with its genetic characteristics, a higher cough frequency was recorded in the UFV01 group than in the UFV02 group. It also induced more severe macroscopic lung lesions and exclusively presented pleuritis. In addition, seroconversions were higher for both IgG and IgA for UFV01 than for UFV02. On the other hand, TNF-alpha progressively increased for both strains during the post-infection measurements.

The genome analysis of the UFV01 and UFV02 isolates reported genetic features similar to those of other strains of M. hyopneumoniae. The predicted virulence factors mhp385, mhp271, MHP_RS03455, p102, p97, p216, MHP_RS00555, and mhp107 have been found in other studies (Zhang et al., 1995; Minion et al., 2004; Seymour et al., 2011; Bogema et al., 2012; Deutscher et al., 2012; Siqueira et al., 2013, 2014; Raymond and Djordjevic, 2015; Kamminga et al., 2020; Leal Zimmer et al., 2020; Pan et al., 2022), with their functions described as adhesin mechanisms allowing the bacteria to establish in the host cell (Zhang et al., 1995; Woolley et al., 2012; Siqueira et al., 2014; Bustamante-Marin and Ostrowski, 2017). The ST-123 assigned to both isolates seems to be an uncommon typing in Brazil, being only reported by Balestrin et al. (2019), which described only two isolates classified as ST-123. Furthermore, the ST-123 strain seems to be evolutionarily close to the ST-124 strain, differing by three pair bases on the rpoB gene allele.

Overall, 58–60% of the internal content (CDS) of M. hyopneumoniae was classified, standing according with (Tavares et al., 2022). The protein characterized as hypothetical can be attributed to the research timeline, specifically the inherent difficulties in isolating and sequencing these specific bacteria. The first reports of the whole genome sequences of this genus were in 2004–2005 with the 232 (Minion et al., 2004), 7,448 and J strains (Vasconcelos et al., 2005), and thus far only 24 isolates have been reported. Even with new references updating or adding new information on some strains (Darby et al., 1999) the literature provides little information about the genome’s features.

The UFV isolates presented the toxins tlyC (putative hemolysin), PLDc_2 (PLD-like domain) and hcnC (hydrogen cyanide synthase HcnC). PLDc_2 (PLD-like domain) was related to Acinetobacter baumannii and facilitates the invasion of the host cell (Stahl et al., 2015), and the toxin hcnC (hydrogen cyanide synthase) seems to be common in Pseudomonas spp., producing cyanide and acting lethally against Drosophila and nematodes (Darby et al., 1999; Broderick et al., 2008). The toxin tlyC was reported in other bacteria, such as Rickettsia typhi and Leptospira, showing no hemolytic action (Radulovic et al., 1999; Carvalho et al., 2009). However, Brachyspira hyodysenteriae, a bacterium related to enteric diseases in swine has the tlyC gene with hemolytic action (Joerling et al., 2020). In this case, the tlyC gene action of the UFV01 and UFV02 isolates needs more study to conclude on the hemolytic features. However, it is hypothesized that the isolates may have obtained the gene from Brachyspira hyodysenteriae, an organism of the digestive tract.

The only resistance gene was KpnF in UFV02. This gene belongs to the small multidrug resistance family (SMR) efflux pump-related genes, which show resistance to a broad range of drugs including a wide variety of antibiotics, antiseptics and disinfectants (Bay and Turner, 2009). This gene was first reported in Klebsiella pneumoniae, promoting antimicrobial resistance (Srinivasan and Rajamohan, 2013) and showing a large spectrum between the β-lactam family (Maurya et al., 2019). This gene was also reported in other Enterobacteriaceae such as Salmonella (Vilela et al., 2022), but never in Mycoplasma.

The genome comparison of the two isolates presented a similar size, with the UFV02 being larger than the others. In the BRIG analysis, the isolates of this study presented fewer gaps in comparison to the other assemblies, and the pan-genome analysis revealed a robust relationship between the core-genome comparison, except for the TB1 strain. In the region of variable cluster number, UFV01 and UFV02 seem to have the most clusters and singletons, being able to provide more information and explain the phenotypical results observed in the UFV01. In addition, the orthogroup analysis (Figure 3) showed three specific groups belonging only to the UFV isolates and the total separation from the NCBI strains in the dendrogram comparison.

Interestingly, UFV01 and UFV02 showed few differences in the subsystems identified in their genomes, being these differences in the subsystem: Energy and Precursor Metabolites Generation, Protein Synthesis, RNA Processing and Stress Response, Defense and Virulence. Despite the low differences between UFV01 and UFV02, these alterations between the strains, which may corroborate the differences presented in the symptoms and characteristics of the lesions presented. This complex interplay between host and pathogen requires the adaptation of bacterial virulence secretion systems and the innate immune recognition of conserved bacterial molecules (Haraga et al., 2008). Second (Rohmer et al., 2011), under certain circumstances, the metabolic capabilities of a pathogen may undergo changes as a result of functional loss due to mutations, which can confer an advantage within a specific environment. Additionally, it is conceivable that the loss of non-essential metabolic functions could enhance virulence by reducing the metabolic demands on pathways.

The control group did not present clinical signs compatible with enzootic pneumonia. The UFV01 group presented a numerically higher frequency of variation compared to the UFV02 group (Figure 5A). All three groups tested statistically differed from each other using the non-parametric Wilcoxon test p < 0.001 (Figure 5B). Garcia-Morante et al. (2022) highlight that the onset of coughing in experimentally infected pigs can be variable and intermittent, occurring between 1 and 3 weeks after infection. The immunopathological and environmental mechanisms leading to the formation of macroscopic lesions and, consequently, the manifestations of clinical disease are multifactorial. However, in experimental infections with virulent strains, it is described that the peak of the macroscopic lesion occurs at 28 dpi and decreases over time, eventually forming scar tissue (Vicca et al., 2003; Redondo et al., 2009; Garcia-Morante et al., 2017, 2022).

The group inoculated with the UFV01 strain exhibited 11.75% (+6.60) of lungs affected by lesions, the group inoculated with the UFV02 strain showed 3.125% (+1.55), and the negative control group showed 0% lesions at 35 dpi. The three groups differed statistically from each other. Almeida et al. (2020), in an experimental infection using the 232 strain (United States), found that the mean lesion area obtained in the lungs of animals at 28 dpi was 15.84%; this strain is considered to be highly virulent according to several studies (Leal Zimmer et al., 2020; Wu et al., 2022). Vicca et al. (2003), when comparing different isolates in an experimental infection, classified them as high, medium, and low pathogenicity, with the high virulence strains presenting an extent of the lesions in the lungs of inoculated pigs between 13.5% (±7.3) and 15.8% (±7.4), while the low pathogenicity isolates showed this indicator to be between 1.7 (±2.3) and 5.1 (±4.8). Therefore, analyzing the results and parameters from Almeida et al. (2020) and Vicca et al. (2003), the UFV01 isolate demonstrates the ability to cause a higher degree of macroscopic lung lesions than the UFV02 strain. Considering the parameters indicated in the aforementioned works, the UFV01 isolate presented high/medium virulence, while the UFV02 strain exhibited low pathogenicity.

As for the microscopic lesion scoring, the NC group did not present any type of lesion. The UFV01 and UFV02 groups showed bronchopneumonia and BALT, but with different frequencies. Additionally, only the UFV01 group presented cases of pleurisy, indicating secondary involvement. The UFV01 group showed 25% positivity for Actinobacillus pleuropneumoniae, 87.5% positivity for Mycoplasma hyorhinis, and 100% positivity for Pasteurella multocida. In contrast, the UFV02 group was positive for only Mycoplasma hyorhinis and Pasteurella multocida, without presenting cases of pleurisy. Positive animals for Actinobacillus pleuropneumoniae (H and K) in their lungs can be observed in Figure 6. During necropsy in both animals, pleural adhesions to the thoracic cavity can be observed, with more pronounced adhesion in animal K. Some Brazilian studies, such as Baraldi et al. (2019), Galdeano et al. (2019), and Petri et al. (2023), report a high prevalence of this agent in Brazilian production and its close association with M. hyopneumoniae. The presence of the Actinobacillus pleuropneumoniae together with M. hyopneumoniae tends to worsen bronchopneumonia lesions bronchopneumonia. The secondary involvement evidenced by the cases of pleurisy in the UFV01 group potentially occurred due to the fact that this isolate stimulated a higher degree of lesions, opening the door to secondary respiratory agents.

The mean scores of the microscopic lesions in the UFV01 group were 1.62 (bronchopneumonia), 1.5 (BALT hyperplasia) and 0.5 (pleuritis). The UFV02 group showed mean scores of 1.37 (bronchopneumonia), 1.12 (BALT hyperplasia) and 0.0 (pleuritis). Lymphocytic recruitment and its mitotic capacity in lung tissue leads to the described lesion known as BALT hyperplasia (Messier and Ross, 1991), which is considered a typical lesion caused by M. hyopneumoniae. On the other hand, bronchopneumonia and pleuritis lesions result from secondary bacterial involvement, including agents such as Pasteurella multocida, Actinobacillus pleuropneumoniae, Streptococcus suis and Glaesserella parasuis (De Conti et al., 2021).

Another important point evaluated was the seroconversion of animals through the enzyme-linked immunosorbent assay (ELISA). After the challenge, M. hyopneumoniae colonizes the respiratory tract and stimulates humoral immune responses, resulting in the production of IgG and IgA antibodies (Ding et al., 2021). In the study, seroconversion was not uniform. The UFV01 group started seroconversion at 21 dpi and achieved complete seroconversion at 35 dpi (100%), while the UFV02 group had only 50% seroconversion at 35 dpi. This result indicates that the host’s immune response against the UFV01 isolate was greater than against the UFV02 isolate, consequently leading to a more pronounced adaptive immune response to M. hyopneumoniae. From 21 dpi onwards, the UFV01 group showed statistically significant differences in antibody levels compared to the other groups (Figure 6A). In a study evaluating the seroconversion dynamics of animals challenged with the 232 strain (United States), seroconversion was found to start at 14 dpi, with the peak occurring at 35 dpi (Almeida et al., 2020).

Humoral responses after experimental infection show that specific serum IgG antibodies against M. hyopneumoniae are detected 3 to 4 weeks post-infection, reach their peak after 11 to 12 weeks, and then gradually decrease (Kobisch et al., 1993). After a booster infection, serum antibody titers clearly increase and then slowly decrease again (Kobisch et al., 1993). Interestingly, pigs infected with a highly virulent strain seem to seroconvert earlier than those infected with a low virulence strain (Meyns et al., 2004; Villarreal et al., 2011). This fact is confirmed when considering classifying the UFV01 isolate as high or medium virulence and the UFV02 isolate as low virulence, following the classification adopted by Vicca et al. (2003), as the seroconversion in the UFV01 group was higher and earlier compared to the UFV02 group.

IgA plays an important role in mucosal immunity against infectious pathogens. However, the molecular mechanism of IgA secretion in response to infection remains largely unknown, particularly in Mycoplasma spp. (Li et al., 2020). We assessed the level of IgA antibodies in the groups from BALF using a standardized method Mechler-dreibi et al. (2021), finding that 100% (8/8) of the animals in the UFV01 group tested positive for IgA detection, compared to only 50% (4/8) of the UFV02 group. The animals positive for serum IgG at 35 dpi were the same pigs that tested positive for IgA in BALF at 35 dpi (Figure 6B). It is believed that M. hyopneumoniae induces intense immune responses in mucosa, and long-lasting IgA may provide indispensable local immune protection for the against organism. However, few studies have examined the molecular mechanism by which M. hyopneumoniae promotes such strong mucosal immunity characterized by increased IgA levels (Li et al., 2020). The main strategy of respiratory tract mucosal immunity is forming a protective barrier to eliminate invasive respiratory pathogens and prevent active infection and colonization (Mechler-Dreibi et al., 2021). The ability of M. hyopneumoniae to adhere and multiply in the porcine respiratory epithelium is dependent on a complex set of adhesins and immunomodulatory strategies that allow M. hyopneumoniae to establish itself in the respiratory tract for long periods (Leal Zimmer et al., 2020).

The estimated bacterial quantification in the laryngeal swab increased over time (Figure 7A), although no statistical difference was detected between the UFV01 and UFV02 groups. Animals inoculated with the UFV01 strain showed environmental shedding of the bacteria, as 75% of the animals (6/8) tested positive in the qPCR of nasal swabs at 14 dpi, while the group inoculated with the UFV02 strain showed a detection rate of 37.5% (3/8) at 14 dpi (Figure 7A, Supplementary material S3). The qPCR analyzes for BALF and tissue in the UFV01 group showed 100% (8/8) positivity, while the UFV02 group showed 87.5% positivity (7/8). There was no statistical difference in bacterial load between the groups (Figure 7B; Supplementary material S3).

The production of pro-inflammatory cytokines has been associated with the development of characteristic lesions of EP (Muneta et al., 2008; Okamba et al., 2010; Jorge et al., 2014). TNF-alpha differed statistically between the groups at 28 and 35 dpi, with the animals inoculated with the UFV01 and UFV02 strains showed an increasing trend in this cytokine throughout the experimental period (Figure 8B). TNF-α is an important pro-inflammatory cytokine involved in the secretion of acute-phase proteins and is frequently detected in pigs infected with M. hyopneumoniae (Fourour et al., 2019). The consensus among the studies that have analyzed this cytokine is that it plays a role in the accumulation of inflammatory cells in lung tissue, contributing to lesion formation, although the exact timing of its peak expression and decrease has not yet been fully elucidated (Choi et al., 2006; Lorenzo et al., 2006; Redondo et al., 2009; Almeida et al., 2020).

Therefore, UFV01 and UFV02 presented genetic orthology characteristics that differ from the other sequences deposited in international banks, in terms of different ortho groups and similar phylogenomics. In contrast, the functional annotations demonstrate that the two strains are genetically different, as demonstrated in the symptoms presented by the animals. However, the limitations on understanding genetic functions as a whole require further studies. Two important points can be observed between the groups. In the UFV01 group, the animal with the highest degree of lung involvement died. Hence, this group had a mortality rate of 12.5%. On the other hand, the UFV02 group had an animal that, despite being inoculated similarly to the others, did not develop EP and tested negative for the agent throughout the study. Both pieces of information support the presence of differences in virulence between the groups, with UFV01 being more pathogenic. Despite the data presented in our study, further research is needed to deepen our understanding of the genetic differences and their phenotypic presentations.

The UFV01 and UFV02 strains are capable of producing clinical disease. After a thorough analysis of the discussed data, it is possible to infer that the UFV01 strain represents a more pathogenic isolate compared to the UFV02 strain. However, further studies are necessary to elucidate the genetic differences and their phenotypic presentations. New research can stem from our findings, such as the development of vaccines, antimicrobial assessments, diagnostic kits and improvements in control protocols.
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The pathogenic porcine circovirus type 2 (PCV2) leads to significant economic losses in pig production. PCV2d is currently the dominant genotype causing porcine circovirus-associated disease (PCVAD) worldwide. Therefore, development of a recombinant PCV2d-based vaccine is required to elicit complete protection against PCV2d infection. In this study, we generated virus-like particles of PCV2d-based capsid protein (Bac-2dCP) using a baculovirus expression system and evaluated its protective efficacy against PCV2d infection in specific pathogen-free (SPF) pigs. Three-week-old SPF miniature pigs were intramuscularly immunized with purified Bac-2dCP and intranasally challenged with PCV2d at 4 weeks post-vaccination. The Bac-2dCP group showed significantly higher IgG levels and neutralizing antibodies against PCV2b and PCV2d genotypes, as well as increased interferon-γ levels, and increased body weight and average daily weight gain compared with positive (challenged) and negative (unchallenged) controls. In particular, the Bac-2dCP group showed almost complete absence of PCV2d DNA in serum, nasal, and rectal swabs and in lung, lymph node, and kidney tissue samples. However, the positive control group exhibited low levels of neutralizing antibody, and high levels of PCV2 DNA in serum, swab, and tissue samples, resulting in PCV2-associated pathological lesions. The results of this study demonstrated that a recombinant Bac-2dCP vaccine conferred complete protection against a PCV2d challenge in SPF miniature pigs.
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1 Introduction

Porcine circovirus type 2 (PCV2) is primary agent of porcine circovirus-associated disease (PCVAD), which includes post weaning multisystemic wasting syndrome, porcine dermatitis, nephropathy syndrome, and porcine respiratory disease complex (Opriessnig et al., 2007; Lim et al., 2022). PCV2 infection also renders pigs more susceptible to secondary pathogens such as porcine reproductive and respiratory syndrome virus (PRRSV), porcine parvovirus, and Mycoplasma spp. by immunosuppression, resulting in increased mortality. PCVAD incurs an average cost of 3–4 USD (up to 20 USD) per pig in the United States and is therefore recognized as an economically important pathogen in the global swine industry (Gillespie et al., 2009). Because of widespread occurrence of PCV2 on pig farms, vaccination is the only effective method to reduce PCV2 prevalence and thereby control PCVAD (Dvorak et al., 2016).

PCV2 is a small virus approximately 17 nm in diameter, comprising non-enveloped, single-stranded circular DNA of about 1.76 kb in an icosahedral form. PCV2 genotypes are currently classified as PCV2a, PCV2b, PCV2c, PCV2d, and PCV2e by PCV2 open reading frame 2 (ORF2) encoding major capsid protein; PCV2d is currently the most prevalent genotype worldwide (Dupont et al., 2008). The nucleotide sequence similarity of PCV2a ORF2 was 90.8–93.2% with PCV2b and 89.2–92.0% with PCV2d (Zheng et al., 2020). The structural capsid of PCV2 is composed of 60 monomeric capsid proteins that can be self-assembled into PCV2 virus-like particle (VLP) and is known to be an important antigenic determinant that induces neutralizing antibody against PCV2 (Kim et al., 2020). Advantages of PCV2 VLP-based subunit vaccine is very safe, easy preparation, low-cost, high-level of expression and highly effective in PCV2 prevention. Current commercial PCV2 subunit vaccines, Ingelvac CircoFLEX (Boehringer Ingelheim Animal Health), Porcilis PCV (MSD Animal Health) and Circumvent PCV (Merck), are based on PCV2a capsid protein expressed in a baculovirus expression system (Fort et al., 2008; Guo et al., 2022).

After introduction of commercial PCV2a vaccines, a global genotype shift from PCV2a to PCV2b was confirmed in vaccinated herds presenting severe clinical symptoms (Carman et al., 2008). In 2014, a newly emerging PCV2b mutant (PCV2d) was reported in cases of vaccine failure in several countries, including Korea, Brazil, and the United States (Xiao et al., 2012; Salgado et al., 2014; Seo et al., 2014). PCV2d is now the most common genotype causing PCVAD (Opriessnig et al., 2019; Park et al., 2019). This genotype shift is highly likely to occur by persistent PCV2 infection and evasion of the host immune response (Franzo et al., 2016).

It has been proposed that PCV2a-based vaccines cannot provide complete protection against the prevalent PCV2d genotype (Hou et al., 2019; Tseng et al., 2019). In a previous study, pigs immunized with a PCV2b vaccine showed more effective protection against a PCV2a and PCV2b co-challenge than did those immunized with a PCV2a-based vaccine (Opriessnig et al., 2013). In a recent study, we found that a PCV2d-based vaccine significantly reduced PCV2 viremia more than a commercial PCV2a vaccine when applied to pigs naturally infected with PCV2d (Kim and Hahn, 2021). For this reason, the development of a novel PCV2d-based vaccine is required to elicit complete protection against PCV2d infection. Therefore, here, we have evaluated the protective efficacy of a PCV2d-based VLP vaccine in specific pathogen-free (SPF) miniature pigs against an experimental PCV2d challenge.



2 Materials and methods


2.1 PCV2d-based VLP

The recombinant PCV2d capsid protein (Bac-2dCP) was expressed using the ExpiSf Baculovirus Expression System (Kim and Hahn, 2021). Briefly, Spodoptera frugiperda (Sf9) cells (ExpiSf9™, Gibco, United States) were cultured in ExpiSf CD medium (Gibco, United States) and infected with the recombinant baculovirus-expressing capsid protein of PCV2d (GenBank Accession No. KY810325). After 7 days, infected cells were centrifuged at 500 × g for 10 min and the pellet dissolved in lysis buffer (50 mM NaH2PO4 and 300 mM NaCl) containing 1% Igepal CA-630 (Sigma-Aldrich, United States). The supernatant was purified by anion exchange chromatography using Q-Sepharose Fast Flow (GE Healthcare, United States). The purified protein was filtered through a 0.22 μm cellulose acetate membrane (Corning, United States), and protein concentration was measured using a Pierce bicinchoninic acid protein assay kit (Thermo Fisher Scientific, United States). The self-assembled VLPs were observed using a transmission electron microscope (JEM-2100F; JEOL, Tokyo, Japan) at the Chuncheon Center of the Korea Basic Science Institute.



2.2 Immunization and the PCV2d challenge

The procedures for animal handling, care, and experimental protocols were approved by the Institutional Animal Care and Use Committee of Kangwon National University (Permit No. KW-210510-1). The animal experiment was carried out by Optipharm Medipig (Osong, Korea) in its Biosecurity Level 3 facility. Ten 3-week-old SPF Yucatan miniature pigs were randomly divided into three groups. The Bac-2dCP (n = 5) group received a 1 mL dose containing 20 μg of purified Bac-2dCP with 50% (v/v) of Montanide IMS 1313 (Seppic, France) by intramuscular administration in the neck region. At 4 weeks post-vaccination (WPV), the Bac-2dCP and positive control (PC; n = 3) groups were challenged intranasally with 1 mL of PCV2d (105.5 50% tissue culture infective dose, TCID50/mL) (GenBank Accession No. OP806268) in each nostril. A third group, the negative control (NC; n = 2), was unchallenged. Serum, nasal and rectal swab samples were collected at 0, 2, 4, 6, 7, and 8 WPV (Figure 1). At 4 weeks after the challenge, all animals were humanely euthanized by intravenous injection of 2 mmol/kg potassium chloride solution and necropsied to evaluate pathological lesions and viral DNA loads in lung, lymph node, and kidney.
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FIGURE 1
 Experimental design. Ten 3-week-old SPF miniature pigs were randomly divided into three groups: The Bac-2dCP (n = 5), PC (n = 3) and NC (n = 2). The Bac-2dCP group was vaccinated intramuscularly once in the neck region. After 4 weeks, Bac-2dCP and PC groups were challenged intranasally with 1 mL of PCV2d (105.5 TCID50/mL) in each nostril. The NC group was unchallenged.




2.3 Clinical signs and average daily weight gain (ADWG)

Following vaccination at 0–7 days, all pigs were monitored daily for rectal temperature and clinical symptoms using a scale ranging from 0 (normal) to 3 (severe). Body weights were measured weekly during the experimental period. ADWG (g/day) was calculated before (0–4 WPV) and after (4–8 WPV) the PCV2 challenge.



2.4 Quantification of PCV2 DNA

Viral DNA from the serum, swab, and tissue samples was extracted using a Viral DNA/RNA Extraction Kit (iNtRON Biotechnology, Korea) according to the manufacturer’s protocol. Quantitative polymerase chain reaction (qPCR) assays were conducted using a TOPreal™ qPCR 2X PreMIX (SYBR Green High ROX; Enzynomics, Korea) as described previously (Kim and Hahn, 2021).



2.5 Serological assay

All serum samples were tested for PCV2b- and PCV2d-specific IgG antibodies using an indirect enzyme-linked immunosorbent assay (ELISA) (Kim and Hahn, 2021). Microplates (96-well Nunc Maxisorp, Roskilde, Denmark) were coated with 100 ng/well of purified Bac-2bCP or Bac-2dCP. Absorbances were read at 450 nm using a microplate reader (BioTek, United States).

Viral neutralization (VN) titers were determined using an indirect immunofluorescence assay test (Kim et al., 2020). PCV2b supplied by ChoongAng Vaccine Laboratories (Daejeon, Korea) and PCV2d (GenBank Accession No. OP806268) were used in this assay. Briefly, all serum samples from each group were inactivated by heating at 56°C for 30 min. The inactivated samples were serially diluted twofold from 1:4 to 1:16,384 and added to 200 TCID50 of PCV2b and PCV2d virus. The serum–virus mixture was incubated at 37°C for 1 h with 5% CO2 and then applied to a 70–80% confluent monolayer of PK-15 cells at 37°C for 72 h with 5% CO2. VN titers were determined as the highest serum dilution that exhibited >90% neutralization.



2.6 IFN-γ analysis

Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll–Hypaque (Choi et al., 2019) density gradient centrifugation at 4, 6, and 8 WPV. PBMCs were stimulated with 10 μg/mL of purified Bac-2dCP for 72 h and the culture supernatants harvested. To determine the PCV2-specific gamma interferon (IFN-γ) level, a Porcine IFN-γ ELISA kit (Invitrogen, United States) was used according to the manufacturer’s protocol.



2.7 Microscopic lesions and immunohistochemistry

After euthanasia at 8 WPV, lung, lymph node, and kidney tissues were fixed in 10% buffered formalin, embedded in paraffin, and cut into 4 μm sections. After staining with hematoxylin and eosin, microscopic images were obtained through an Olympus BX53 microscope (Olympus, Japan) and analyzed with Olympus cellSens software. Lesions were scored blind as 0 (no lesions), 1 (minimal), 2 (mild), 3 (moderate), or 4 (severe) (Opriessnig et al., 2004).

PCV2 antigen determination in paraffin-embedded sections was performed by immunohistochemical (IHC) analysis using a rabbit PCV2 capsid polyclonal antibody (Invitrogen) and a VECTASTAIN Elite ABC Universal Kit (Vector Laboratories, United States) (Chianini et al., 2003).



2.8 Statistical analysis

All data are presented as mean ± standard error of the mean (SEM). Statistical data were generated using GraphPad Prism 8.0.1 software (GraphPad Software, La Jolla, CA, United States), and significant differences were determined using one-way analysis of variance followed by Tukey’s multiple comparisons test. p values <0.05 were considered statistically significant.




3 Results


3.1 Clinical symptoms and ADWG

After vaccination, all pigs in the Bac-2dCP group maintained normal body temperature like the NC group, and no clinical symptoms of abscesses, inflammation, epilepsy, anorexia, depression, shock, vomiting, or diarrhea were seen. ADWG showed no significant difference between groups before the challenge (0–4 WPV) (Table 1). After the challenge (4–8 WPV), the highest ADWG was observed in the Bac-2dCP group, while the growth rate was retarded in the PC group.



TABLE 1 Body weight and average daily weight gain.
[image: Table1]



3.2 PCV2-specific humoral immune responses

PCV2-specific maternally-derived antibody was undetected in all SPF miniature pigs at 0 WPV (Figures 2A,B). After vaccination, the Bac-2dCP group seroconverted to PCV2b- and PCV2d-specific IgG antibodies at 2 WPV. Notably, the PCV2-specific IgG levels rapidly increased in the Bac-2dCP group after the challenge and showed significantly higher (p < 0.001) values compared with the PC and NC groups at 6 WPV. In addition, the PC group exhibited PCV2-specific IgG levels similar to those of the Bac-2dCP group at 8 WPV, whereas the NC group remained seronegative throughout the experimental period.

[image: Figure 2]

FIGURE 2
 Mean values of serum IgG antibody levels and viral neuralization (VN) titers at different weeks post-vaccination (A) PCV2b- and (B) PCV2d-specific IgG levels were analyzed by indirect ELISA. VN titers (Log2) against (C) PCV2b and (D) PCV2d were analyzed by indirect immunofluorescence assay (IFA) test. Data were expressed as mean ± standard error of the mean (SEM). Significant differences compared with NC group are indicated by different superscripts (aNot significant, bp < 0.05, cp < 0.01 and dp < 0.001).




3.3 Neutralizing activity

Before vaccination, the serum samples in all groups were negative for VN titers against PCV2. In the Bac-2dCP group, PCV2-specific VN titers were first detected at 2 WPV, then greatly increased at 4 and 6 WPV (Figures 2C,D). At 8 WPV, the PCV2b- and PCV2d-specific VN titers reached maximum mean levels of 10.6 and 10.9 log2, respectively, which were markedly and significantly higher than those of the NC group (p < 0.001). The PC group titers were significantly lower than those of the Bac-2dCP group: p < 0.001 for PCV2b and p < 0.01 for PCV2d. Nonetheless, their VN titers were substantially higher than those of the NC group.



3.4 PCV2 DNA loads

In the period from vaccination to challenge, no PCV2d DNA copies were detected in serum, nasal swab, or rectal swab samples from all groups. After 2 weeks post-challenge (6 WPV), a significantly increased level of PCV2d DNA copies in the PC group was observed in the following samples: serum (5.6 log10 copies/mL), nasal swab (6.9 log10 copies/mL, p < 0.001), and rectal swab (8.3 log10 copies/mL, p < 0.001) (Figures 3A–C, respectively). Importantly, the PC group showed a significant amount of PCV2d DNA in lung (8.5 log10 copies/mL, p < 0.001), lymph node (5.1 log10 copies/mL), and kidney tissue samples (8.9 log10 copies/mL, p < 0.001) (Figures 3D–F, respectively). By contrast, PCV2d DNA was not detected in any serum, swab, or tissue (except one lung) samples from the Bac-2dCP group, and in this respect, the Bac-2dCP group was closely similar to the NC group.

[image: Figure 3]

FIGURE 3
 Mean values of the PCV2 genomic copy number in (A) serum, (B) nasal swab, (C) rectal swab, (D) lung, (E) lymph node, and (F) kidney tissue samples at different weeks post-vaccination. PCV2 DNA loads were analyzed by quantitative polymerase chain reaction (qPCR) assays. Data were expressed as mean ± standard error of the mean (SEM). Significant differences compared with NC group are indicated by different superscripts (aNot significant and dp < 0.001).




3.5 IFN-γ levels

At 4 WPV, production of IFN-γ in PBMC stimulated with Bac-2dCP was undetected in the PC and NC groups (Table 2). However, the Bac-2dCP group showed a significantly higher (p < 0.05) secretion level of IFN-γ compared with the PC and NC groups. By 2 weeks post-challenge (6 WPV), the PCV2d-specific IFN-γ level of the Bac-2dCP group had decreased, but was still markedly higher than those of the PC and NC groups at 8 WPV.



TABLE 2 Mean group interferon-gamma (IFN-γ) in PBMC.
[image: Table2]



3.6 Histopathological and immunohistochemical results

Mild perivascular and peribronchiolar cuffing were observed in lesions that were found in all groups (Table 3 and Figure 4A). Some pigs in the Bac-2dCP and PC groups showed bronchus-associated lymphoid tissue (BALT) hyperplasia. Notably, the PC group showed PCV2-associated lung lesions of suppurative bronchointerstitial pneumonia, peribronchiolar fibroplasia with bronchiolar segmentation, and pulmonary edema. In addition, lymphoid depletion in lymph node and interstitial inflammatory cell infiltration in kidney were observed only in the PC group. However, the Bac-2dCP group did not display PCV2-associated lesions in lung, lymph node, or kidney, a result identical to that of the NC group. Interestingly, lung and kidney lesion scores in the Bac-2dCP group were significantly (p < 0.01) lower than those in the PC group (Figure 5).



TABLE 3 Histopathologic and IHC findings in lung, lymph node, and kidney.
[image: Table3]
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FIGURE 4
 Histopathological evaluation and detection of PCV2 antigen in tissues at 4 weeks post-challenge. (A) Hematoxylin and eosin staining and (B) immunohistochemistry in lung, lymph node, and kidney tissues. The red arrows indicate pulmonary edema, lymphoid depletion and interstitial inflammatory cell infiltration in the lung, lymph node and kidney tissues of PC group, respectively. PCV2 antigens were shown by black arrows. Scale bars indicate (A) 100 μm and (B) 50 μm.
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FIGURE 5
 Microscopic lesion scores in lung, lymph node, and kidney at 4 weeks post-challenge. Histopathological lesions were scored blind as 0 (no lesions), 1 (minimal), 2 (mild), 3 (moderate), or 4 (severe). Data were expressed as mean ± standard error of the mean (SEM). Significant differences compared with NC group are indicated by different superscripts (aNot significant and bp < 0.05).


For the IHC examination, PCV2 antigen was undetected in almost all lung, lymph node, and kidney tissue samples in the Bac-2dCP and NC groups (Figure 4B). However, the PC group showed high amounts of PCV2 antigen in tissue samples.




4 Discussion

Following the introduction of commercial PCV2a-based vaccines, new genotypes have emerged by viral evolution (Ilha et al., 2020). To alleviate these concerns, cross-protective ability is an important quality of PCV2 vaccines. Our previous study demonstrated that our Bac-2dCP VLP vaccine provides not only effective protection against the homologous PCV2d genotype (the most dominant genotype), but also cross-immunization protection against the heterologous PCV2b genotype in pigs naturally infected with PCV2d (Kim and Hahn, 2021). Arising from this result, the objective of the present study was to evaluate the protective efficacy of Bac-2dCP VLP vaccine in an SPF miniature pig model against an experimental PCV2d challenge. The SPF miniature pig provides the advantages of no maternal antibodies, genetic stability, susceptibility to infection, ease of rearing, and higher statistical power in vaccination and challenge experiments (Khan, 1984; Klinkenberg et al., 2002; Gan et al., 2020).

The presence of neutralizing antibody against PCV2 is an important mechanism to control PCVAD and has a pivotal role in viral clearance (Chae, 2012; Dvorak et al., 2018). A previous study reported that a PCV2a-based commercial vaccine induced neutralizing antibody titers of 8.0 log2 at 7 WPV in conventional pigs, and that PCV2 DNA was detected at low levels in blood after PCV2a, PCV2b, and PCV2d challenges (Park et al., 2019). In addition, commercial PCV2a-vaccinated herds showed a reduction of PCV2 viremia, shedding, and transmission against a PCV2d challenge under experimental conditions (Opriessnig et al., 2017). However, low levels of PCV2 viremia mean that the virus has not completely cleared, resulting in chronic subclinical infection with PCV2. Therefore, these commercial PCV2 vaccines appear to provide incomplete cross-protection against the current dominant PCV2d genotype (Peswani et al., 2022). Consequently, it is important that next-generation PCV2 vaccines induce sufficient immune protection against PCV2d. A recent study demonstrated that vaccination with PCV2d VLP in pigs induced high levels of PCV2d-specific neutralizing antibodies, and that PCV2 DNA loads in blood and nasal swab against PCV2d and PRRSV dual-challenge were similar to those of the unchallenged group (Kang et al., 2021). In the present study, miniature pigs vaccinated with Bac-2dCP VLP elicited a sufficient immune response in PCV2b and PCV2d VN titers. Interestingly, the vaccinated group was confirmed to be almost devoid of PCV2, unlike the significantly higher viral loads from serum, swab, and tissue samples in the PC group after the PCV2d challenge. Further, the vaccinated group exhibited almost complete protection against PCV2-associated microscopic lesions in lung, lymph node, and kidney, similar to the results in the NC group. These data suggest that sufficient neutralizing antibodies produced by vaccination contributed to effective protection against PCV2d infection, reduced PCV2-associated pathological lesions. Meanwhile, histopathologic difference against PCV2d challenge in PC group seems to be dependent on the susceptibility or innate immunity between the individual pig.

Cell-mediated immunity is also known to be a key factor in PCV2 clearance and long-term protection against PCV2 infection (Venegas-Vargas et al., 2021). PCV2-specific IFN-γ production is related to reductions in viremia, shedding, and PCV2-associated lesions (Ferrari et al., 2014; Park et al., 2014). A previous study reported that the maximum PCV2-specific IFN-γ level in PBMC was 74.4 pg/mL in pigs vaccinated with Ingelvac CircoFLEX at 3 WPV (Li et al., 2020). In the present study, a high level of IFN-γ response was observed in the vaccinated group (128.1 pg/mL) at 4 WPV, and was significantly different (p < 0.05) from the two control groups. After challenge, the IFN-γ of vaccinated group was again elevated at 8 WPV, it could be inferred that PCV2-specific IFN-γ was secreted by memory T cells to protect against PCV2d shedding from nasal and rectal of PC group. This enhanced IFN-γ secretion by vaccination appears to regulate the protective immune response and to contribute to viral clearance in serum, swab, and tissue samples after a PCV2d challenge.



5 Conclusion

The present study demonstrated that recombinant Bac-2dCP VLP vaccine can effectively induce PCV2-specific humoral and cell-mediated immune responses and provide complete protection from PCV2 viremia, nasal, and rectal shedding. It can also significantly reduce viral loads in lung, lymph node, and kidney tissues against a PCV2d challenge in SPF miniature pigs. Therefore, the Bac-2dCP vaccine is an attractive candidate to control the PCVAD caused by the currently prevalent PCV2d genotype. However, further studies are needed to evaluate the comparative efficacy and immune persistence of Bac-2dCP vaccine in conventional pigs.
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While the primary pathogenic potential of torque teno viruses (TTVs) is yet to be defined, TTVs are often co-detected with other pathogens and are suspected of exacerbating clinical disease in coinfections. Swine TTVs (TTSuVs) enhance clinical signs of porcine circovirus type 2 (PCV2) in a gnotobiotic pig model. However, the mechanisms involved are unknown. In this study, we observed that co-culture of TTSuV1 and PCV1, and specifically supplementing TTSuV1 cultures with the PCV replicase protein in trans consistently resulted in higher levels of replication of TTSuV1 when compared to TTSuV1 cultured alone. Therefore, the hypothesis that the PCV replicase (rep) protein has trans-replicase helper activity for TTSuV1 was examined. Based on EMSA and reporter gene assays, it was determined that the PCV1 rep directly interacted with the TTSuV1 UTR. The TTSuV1 rep trans-complemented a PCV rep null mutant virus, indicating that the TTSuV1 and PCV1 replicase proteins supported the replication of both viruses. In mice, the administration of plasmids encoding the PCV1 rep and a TTSuV1 infectious clone resulted in the production of higher TTSuV1 genome copies in dually exposed mice when compared to singly exposed mice. Higher sero-conversion and lymphoid hyperplasia were also observed in the dually exposed experimental mice. Thus, this study provides evidence for trans-replicase activity of PCVs and TTVs as a novel mechanism of explaining enhanced viral replication in coinfections involving both viruses.
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1 Introduction

Torque teno viruses (TTVs) are diverse and ubiquitous commensals which colonize a wide range of mammalian species. While they were previously classified as a genus within the Circoviridae family, they were reassigned to a separate family called Anelloviridae in 2009 (Biagini, 2009; Lefkowitz et al., 2018). Whether TTVs act as primary pathogens is a topic of scientific debate. However, numerous epidemiological studies document a correlation between TTVs and a wide range of infectious and non-infectious disease conditions such as chronic hepatitis C (Kawanaka et al., 2002), autoimmunity (Rezahosseini et al., 2019), cancer (Pan et al., 2018) and respiratory disease (Bal et al., 2022). In these studies, higher TTV loads were linked to more severe diseases and immunosuppression. TTVs also contaminate blood transfusion products and are a marker for tissue rejection in organ transplantation (Karimi et al., 2013).

Among the members of the Anelloviridae family, swine TTVs (TTSuVs) are the only members with demonstrated pathogenic potential in an experimental animal models (Krakowka and Ellis, 2008). In gnotobiotic pigs, coinfection of TTSuV1 with porcine circovirus type 2 (PCV2), the cause of post-weaning multi-systemic wasting disease syndrome in piglets, or porcine reproductive and respiratory disease syndrome virus (PRRSV) resulted in enhanced clinical signs due to PCV2 and PRRSV, respectively (Ellis et al., 2008; Krakowka et al., 2008). In previous studies we found that TTSuV1 is 85% more likely to be detected in morbid pigs than healthy pigs (Rammohan et al., 2012). Given TTSuVs possible zoonotic potential (Ssemadaali et al., 2016), the detection of TTVs in pork products and their role in exacerbating coinfections (Kekarainen et al., 2009, Karimi et al., 2013, Webb et al., 2020), understanding the molecular mechanisms by which TTVs can potentially enhance other infections or disease conditions becomes important.

Like circoviruses cloned, re-circularized viral genomic DNA or dimerized infectious clones (Fenaux et al., 2002) produce TTV specific signals in cell culture and pig models. However, sustained, or robust viral replication is not achieved (Kamahora et al., 2000; Kakkola et al., 2007; Huang et al., 2012). TTVs can be readily detected by PCR in naturally infected hosts, efficient laboratory culture has been a long-standing challenge. This observation supports the premise that efficient TTV replication is supported by factors acting in trans in natural infections. These factors could originate either from the host or coinfecting agents. As an analogous model linear, single stranded adeno-associated viruses (AAV’s) are capable of independently replicating their own DNA. However, they require helper viruses such as adenovirus, herpes simplex virus and cytomegalovirus for efficient and productive replication. Promiscuous trans-replicase activity (Zhang et al., 2016) is one among several known molecular mechanisms involved in the interactions between dependoviruses and their helper viruses (Meier et al., 2020). Similarly, the replicase (rep) proteins of the non-pathogenic PCV1 and pathogenic PCV2 are highly conserved and are known to function interchangeably (Mankertz et al., 2003). Rep proteins of divergent ssDNA viral families share conserved structural features such as a nonanucleotide loop, endonuclease domains, and RCR motifs which are required for rolling circle replication of the viral genome (Mankertz et al., 2004). They even share commonalities with prokaryotic plasmid DNA replication machinery (Tarasova and Khayat, 2021). The largest TTV ORF, ORF1, encodes a multi-functional protein that serves as the capsid and also contains replicase related domains such as the rolling circle replication (RCR) motifs (Webb et al., 2020). To better understand the mechanisms by which TTSuV1 exacerbates clinical signs in pigs coinfected with TTSuV1 and PCV2 (Ellis et al., 2008; Krakowka et al., 2008), we herein explore hypothesis that the PCV rep protein has trans-replicase activity for TTSuV1 and promotes TTSuV1 replication. The findings described provide a possible mechanistic explanation for the observed increase in viral titers and pathogenicity in coinfections involving pathogenic PCVs and TTVs.



2 Materials and methods


2.1 Cells, viruses, and recombinant proteins

Porcine kidney cell line (PK15N, 005-TDV, National Veterinary Services Laboratory, Ames, IA, United States) (designated as PK15N throughout the document), PK-15 cells persistently infected with porcine circovirus type 1 (PCV1) (PK-15, CCL3-ATCC, Manassas, VA) (designated as PCV1 + PK15 cells throughout the document), and swine testicular cells (ST, ATCC, Manassas, VA) were used in the below described experiments. All reagents and PK15N and ST cells used were previously tested and found to be negative for TTSuVs and PCVs. Recombinant TTSuV1 (Gen Bank KT037083) and PCV2b 41513 (Gen Bank ALD62452) were rescued by transfection as previously described (Singh and Ramamoorthy, 2016a,b; Rakibuzzaman et al., 2021), with the exception that the genomes were dimerized to enable direct transfection and rescue without the need for excision and recircularization of the viral genome. In addition, a V5 tag encoding the amino acid sequence GKPIPNPLLGLDST was inserted into the 3′ end of the TTSuV1 ORF1 by overlap extension PCR and directional cloning to serve as a genetic and antigenic marker for the cloned TTSuV1 genomic DNA. The TTSuV1 ORF1 gene was cloned and expressed as described before (Singh and Ramamoorthy, 2016a,b). The PCV1 rep was amplified using forward primer 5′-CTGAggatgcGCCACCATGCCCAGCAAGAAGAATG-3′ and reverse primer 5′-AGCTctcgagGTAATTTATTTCATATGGAAA-3′ from the PCV1 + PK15 cell cultures. The amplified fragment was directionally cloned into a pcDNAV5-HisA mammalian expression vector (Thermo Fisher, Grand Island, NY), using the BamHI and XhoI restriction sites. The integrity of all the recombinant plasmid constructs was verified by restriction digestion and sequencing. All expressed proteins had a C-term V5 tag. Protein expression for the individual constructs was verified by transfection in PK15 and ST cells, using the TransIT-2020 (Mirus Bio, Madison, WI), following the manufacturer’s instructions and immunofluorescence assays (IFAs), using specific antibodies.



2.2 Virus culture

To culture TTSuV1, PK15N or ST cells were cultured to 50% confluence in 6 well tissue culture plates in the presence of DMEM containing 10% FBS and 1% penicillin streptomycin and transfected or infected as previously described (Singh and Ramamoorthy, 2016a,b; Rakibuzzaman et al., 2021). To rescue recombinant TTSuV1, the dimerized genomic TTSuV1 DNA construct was used for transfection. The PCV1 + PK-15 cells were used to prepare PCV1 cultures. Virus cultures were quantified by the TCID50 method and stored in aliquots at −80°C for further use. For flow cytometry cells were collected from duplicates of treatment and fixed with 4%PFA and stored at 4°C.



2.3 Viral detection by an immunofluorescence assay

As TTSuV1 and PCV1 are non-cytolytic, the presence of replicating virus or the expression of viral proteins was assessed by IFAs. Briefly, 50% confluent PK-15 or ST cells were infected or transfected as previously described (Singh and Ramamoorthy, 2016a,b, Rakibuzzaman et al., 2021). After 48 h of incubation, the cells were washed in Hank’s balanced salt solution (HBSS) (Corning, Manassas, VA) and fixed in ice cold acetone: methanol (1:1). Detection of the recombinant TTSuV1 virus or TTSuV1 ORF1 protein was achieved with a rabbit polyclonal hyperimmune serum collected from rabbits administered a synthetic peptide from the TTSuV1 ORF1 (RWRRRLGRRRRRYRK, position 6–20) (ProMab Biotechnologies, Richmond, CA). The specificity of the antibody was independently verified using previously a validated rabbit polyclonal anti-TTSuV1 ORF1 antibody (Huang et al., 2012) or a commercial mouse derived anti-V5 tag antibody (Thermo Fisher, Grand Island, NY). The rabbit polyclonal antibodies were used at a 1:200 dilution, and the monoclonal V5 antibody at a 1:500 dilution. The PCV1 ORF1 protein was detected using the V5 monoclonal antibody at 1:500 or polyclonal PCV1-specific swine serum at 1:200. Anti-rabbit, mouse or swine IgG conjugated to FITC (KPL, Gaithersburg, MD) was used as the secondary antibody at a 1:100 dilution for 45 min and slides were visualized in a fluorescent microscope.



2.4 Transfection of TTSuV1 infectious clone in PCV1 + PK15 cells

To determine if the presence of PCV1 enhances TTSuV1 replication, the dimerized TTSuV1 genome was transfected into PCV1 + PK15 cells as described above. PCV1 free PK15N cells transfected with the dimerized TTSuV1 genome were used as a control. The rescued TTSuV1 was serially passaged in PCV1 + PK15 and PK15N cells six times. The difference in viral replication between treatments was assessed by the TCID50 method using the Reed and Muench (1938) formula (Figure 1(left)), by qPCR (Figure 1(middle)) and by flow cytometry (Figure 1(right)).
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FIGURE 1
 Enhanced replication of TTSuV1 in PCV1 + PK15 cells: PK15N or PCV1 + PK15 cells were transfected with the TTSuV1 dimerized infectious clone. TTSuV1 replication was measured as log10TCID50 (left), by qPCR (middle) and by flow cytometry (right). Light slanted lines—TTSuV1 dimerized infectious clone transfected in PK15N cells, dark bar—TTSuV1 dimerized infectious clone transfected in PCV1 + PK15N cells. *Significantly different from the PK15N control, p ≤ 0.05 (student t-test).




2.5 Replication patterns of TTSuV1 and PCV1 during coinfection in vitro

To determine the effects of coinfection with pre-titrated amounts of TTSuV1 and PCV1, PK15N and ST cells were separately cultured in 6-well plates to a confluence of 50%. Cultured cells were infected with 1 mL of PCV1 culture at 1 × 103 TCID50/mL. The plates were incubated for 6 h at 37°C in a CO2 incubator. The cells were then washed 5 times to remove non-adsorbed PCV1 and then overlaid with 1 mL of TTSuV1 culture which had been resuspended to 1 × 103 TCID50/mL. After 24 h, the cells were washed 5× to remove non-adsorbed TTSuV1 and 2 mL of 2% FBS containing DMEM media was added to the cells. The coinfected cells were incubated for 72 h at 37°C in a CO2 incubator. Cells infected with TTSuV1 only or PCV1 only and uninfected cells were included as controls. After the 72 h incubation, the plates were frozen, and viral cultures were collected as described above. The difference in viral replication between treatments was assessed by the TCID50 method using the Reed and Muench (1938) formula (Figure 2A), by qPCR (Figure 2B) and by flow cytometry (Figure 2C).
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FIGURE 2
 Enhanced replication of TTSuV1 and PCV1 during coinfection in vitro: PK15N or ST cells were infected with 1 × 103 TCID50 of TTSuV1 only or coinfected with 1 × 103 TCID50 TTSuV1 and PCV1 each. TTSuV1 replication was measured as log10TCID50 (left), by qPCR (middle) and by flow cytometry (right). Light slanted lines—cells infected with TTSuV1 only, dark bar—cells coinfected with TTSuV1 and PCV1, right panel. #Stained with an anti-PCV1 antibody, dark slanted lines—cells infected with PCV1 only, grey dotted bar—cells coinfected with TTSuV1 and PCV1. *Significantly different from the PK15N control, p ≤ 0.05 (student t-test).




2.6 Role of PCV1 rep protein in TTSuV1 replication in vitro

To assess whether the PCV1 rep protein played a role increasing TTSuV1 titers in co-cultures, the procedures described above were repeated with modification. Briefly, PK15N and ST cell-lines were grown to 50% confluence in 25cm3 flask. The cultured cells were co-transfected with 2 μg of circularized TTSuV1 genome and 1 μg of plasmid DNA expressing PCV1 replicase, using TransIT-2020 (Mirus Bio, Madison, WI), following the manufacturer’s instructions. Cells transfected with the individual constructs and untransfected cells were used as controls. Effective transfection was assessed by IFA using virus or protein specific antibodies. After a 72 h incubation, the flasks were frozen, and viral cultures were collected as described above. he difference in viral replication between treatments was assessed by the TCID50 method using the Reed and Muench (1938) formula (Figure 3A), by qPCR (Figure 3B) and by flow cytometry (Figure 3C).
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FIGURE 3
 Enhanced replication of TTSuV1 by over-expressed supplementation of PCV1 rep in vitro: PK15N or ST cells were transfected with the TTSuV1 infectious clone alone or in combination with a plasmid encoding the PCV1 rep. TTSuV1 replication was measured as log10TCID50 (left), by qPCR (middle) and by flow cytometry (right). Light slanted lines—cells transfected with the TTSuV1 infectious clone only, dark bar—cells transfected with the TTSuV1 infectious clone and plasmid encoding the PCV1 rep, *Significantly different from the PK15N control, p ≤ 0.05 (student t-test).




2.7 TTSuV1-specific qPCR

Samples obtained from the experiments described above were tested by a TTSuV1-specific qPCR in duplicate. The qPCR targets a unique region within the ORF1 gene (GenBank accession KT037083, position 1,563–1,565 bps). Briefly, DNA was extracted with the QIAamp DNA Mini Kit (Qiagen, Valencia, CA, United States) following manufacturer’s instructions and eluted into a 50 μL volume. Twenty-five nanogram of template DNA was tested using the QuantiFast Probe PCR Mix (Qiagen United States) with 0.2 μM probe (56 FAM/CACACAACACAGCAGGAA/3IABkFQ) and 0.4 μM primers (5′-TACCCGGCTTTGCTTCGACAGTG-3′ and 5′GCCATAGATTTCTAGCGATCCCAATTGCG-3′). The qPCR program consisted of 95°C for 5 min, followed by 35 cycles of denaturation at 95°C for 15 s, annealing for 57°C for 30 s and extension for 72°C for 30 s, and 5 min holding in a thermocycler (CFX96 Touch, Bio-Rad, Hercules, CA, United States). Each qPCR run included a no template control, plasmid positive control and appropriate standard curve to convert Ct values to copy numbers. The qPCR was optimized to a lowest detection limit of 200 copies/mL (Figures 1B, 2B, 3B).



2.8 Flow cytometry

Cells harvested from the above-described experiments were fixed and permeabilized (fixation/permeabilization solution™ BD bioscience, Franklin lakes, NJ). Primary antibody working concentrations were optimized by titration. To detect TTSuV1 antigen, intracellular staining was carried out for 45 min at room temperature with rabbit polyclonal TTSuV1 Ab anti-peptide antibody at a 1:200 dilution. Detection was achieved with FITC conjugated anti-rabbit IgG (KPL, Gaithersburg, MD) at a 1:100 dilution in 2% BSA+ permeabilization/wash buffer (BD Perm/Wash™, BD bioscience, United States) for 30 min at RT. For the coinfection experiment, cells were also stained with a PCV1-specific polyclonal swine antibody and detected using anti-swine IgG conjugated to FITC (KPL, Gaithersburg, MD) at 1:100 dilution. Stained cells were analyzed in a Cytoflex S flow cytometer (Beckman Coulter, Brea, CA). Single stained and rabbit IgG isotype controls were included in all assays. A high-speed cell sorter was used to count 100,000 events with an appropriate gating strategy. Dead cells, debris and doublets were excluded from analysis. TTSuV1 infected cells were identified by plotting the counts of TTSuV1 antigen positive cells detected by FITC staining against the forward scatter (FSC) height, resulting in an upward shift in fluorescent intensity distribution in dot plots or a lateral shift from the uninfected control cells in a histogram (Figure 4). Data was analyzed using the CytExpert 1.2 software (Beckman Coulter) to determine differences in intracellular fluorescent signal between treatments (Figures 1C, 2C, 3C).
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FIGURE 4
 Flow cytometry for the detection of TTSuV1 antigen. Representative images of TTSuV1 infected ST cells stained with TTSuV1-specific anti-peptide rabbit polyclonal antibody. Dot plots—X axis—FSC-H, Y axis—FITC-H or fluorescent signal due to intracellular TTSuV1 antigen. The horizontal line indicates the gate, numbers in parenthesis indicate the percentage of cells within the gated area. Left dot plot—untreated ST cells, Middle dot plot—ST cells infected with 1 × 103 TCID50/mL of TTSuV, right dot plot—ST cells coinfected with 1 × 103 TCID50/mL of PCV1 and TTSuV1. On the dot plots, an increase in detection of intracellular antigen is indicated by an upward shift on the Y axis. Far right image—overlay histogram depicting the effect of coinfection. X axis—FITC H, Y axis—counts. Red peak—uninfected ST cells, pink peak—ST cells infected with TTSuV1 only, yellow peak—ST cells coinfected with PCV1 and TTSuV1. On the overlay histogram, an increase in detection of intracellular FITC stained TTSuV1 antigen is indicated by a lateral shift on the X axis.




2.9 Transmission electron microscopy

To confirm the successful assembly and production of recombinant TTSuV1 particles, 50 μL of rescued virus was used to coat a 300-mesh carbon coated palladium grid for 10 min. The coated grid was then negatively stained with 2% phosphotungstic acid (PTA) (Brenner and Horne, 1959) and examined by a JEOL JEM-100CX II transmission electron microscope (Figure 5).
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FIGURE 5
 Detection of TTSuV1 virions and PCV1 replicase protein. Left—TTSuV1-specific, intranuclear fluorescence detected by an anti-peptide rabbit polyclonal antibody in an immunofluorescence assay (20× magnification). Middle and right—electron micrographs of TTSuV1 virions after the first passage in ST cells (scale bar = 20 nm).




2.10 Electrophoretic mobility shift assay

The physical interaction between the PCV1 Rep protein and the TTSuV1 intergenic region untranslated region (UTR) (Figure 6 left) was examined by an electrophoretic mobility shift assay (EMSA). Either a biotin-labelling (Pierce 3′ End DNA labelling kit, Thermo Fisher Scientific, Grand Island, NY) or a SYBR based kit (Electrophoretic Mobility-Shift Assay Kit, with SYBR™ Green & SYPRO™ Ruby EMSA stains, Thermo Fisher Scientific, Grand Island, NY) was used, following manufacturer’s instructions. Briefly, a 210 bp fragment of the TTSuV1 UTR, containing the origin of replication (−76 to +130) and a putative stem-loop signal (Figure 6 left) was amplified by PCR (forward primer: TGATTGGACGGGAGCTCAAGTC and reverse primer: TCCGCTCAGCTGCTCCTGC). The PCV1 and TTSuV1 replicase proteins were expressed by transfection of HEK cells with plasmids encoding the respective proteins. Concentrated nuclear protein was harvested as previously described (Luo et al., 2014). Protein concentration was measured by the BCA method. Extracted protein was immediately aliquoted and stored at −80°C until use.

[image: Figure 6]

FIGURE 6
 Physical interaction of PCV1 rep with the TTSuV1 untranslated region. Left—genome map of TTSuV1 (Gen Bank accession—KT037083). Brown arrows—identified open reading frames (ORFs), dashed lines—exons, green—amplicon for the EMSA, pink—putative promoter region, teal—amplicon for the reporter gene assay, red—stem loop. Middle panel—electrophoretic mobility shift assay (EMSA). (A) Interaction of the biotin labelled TTSuV1 UTR DNA with the PCV1 rep protein detected by chemiluminescence. Arrow shows the upward shift compared to TTSuV1 UTR DNA alone. Lane 1—TTSuV1 UTR DNA only, Lane 2—TTSuV1 UTR DNA hybridized to PCV1 rep, Lane 3—Untransfected negative control cell extract. (B) Interaction of the TTSuV1 UTR DNA with the putative replicase protein encoded by TTSuV1 ORF1 as detected by a SYBR green EMSA kit. Arrow shows the upward shift compared to TTSuV1 UTR DNA alone. Lane 4—TTSuV1 UTR DNA only, Lane 5—Untransfected negative control cell extract, Lane 6—TTSuV1 UTR DNA hybridized to TTSuV1 rep. Lane 7—100 bp DNA ladder. Right—reporter gene assay: activity of PCV1 rep and TTSuV1 rep in binding to a promoter located in the TTV UTR. Cells were transfected with either the empty pGL3 basic plasmid, or TTSuV1 UTR region cloned in pGL3 basic (pGL3UTR), or pGL3UTR and TTSuV1 rep expression plasmid or pGL3UTR and PCV1 rep expression plasmid. X axis—treatments, Y axis—luciferase activity in luminescence units. *Significantly different from pGL3UTR + TTSuV1 rep, p ≤ 0.05 (student t-test). #Significantly different from pGL3UTR + PCV1 rep, p ≤ 0.05 (student t-test). #Significantly different from pGL3 basic, p ≤ 0.05 (student t-test).


For hybridization of the DNA to proteins, varying concentrations of DNA were mixed with 5 μL of protein extracts of TTSuV1 or PCV1 replicase protein, in the presence the respective kit hybridization buffers, following manufacturer’s instructions. Poly (dA·dT) and Poly(dI·dC) were used as binding competitors in the reaction since the UTR amplicon has high GC content. The reaction was then incubated at room temperature for 20 min. All EMSA reaction products were separated on a 6% Native polyacrylamide gel at 100 V for 1.5 h. TTSuV1 UTR DNA only or untransfected cell extracts incubated with DNA were included as a negative control, while TTSuV1 DNA and TTSuV1 replicase proteins were included as a positive control. The test group included the PCV1 replicase protein and TTSuV1 UTR DNA. The resolved complexes in the gel were immediately transferred onto a nylon membrane, using a semi-dry transfer system with an ice cooling system at 380 mA for 35 min. The membrane was cross-linked before staining. The protein: DNA interaction was detected by either chemiluminescence (Light Shift Chemiluminescence EMSA kit, Thermo Fisher Scientific, Grand Island, NY) or SYBR following the manufacturer’s instructions (Figure 6 middle) and images obtained (FluorChem FC2 Imaging system, Alpha Innotech, San Leandro, CA).



2.11 Reporter gene assay

To test the hypothesis that the viral rep proteins can potentially influence viral gene expression by interacting with a TTSuV1 promoter located in the TTSuV1 UTR, a 566 bp segment (Figure 6 right) including the TTSuV1 UTR and the putative promoter which was identified based on published literature (Suzuki et al., 2004; Liu et al., 2016), was cloned into a promoter-less reporter gene system (pGL3 basic, Promega, Madison, WI). The primers used for cloning included CGATgctagcAATCTATGGCCGAGCATGGG and ATGCaagcttTCCGCTCAGCTGCTCCTGC. The cloned region covered −432 to +130 bps adjacent to the TATA box (Figure 6 left). The construct was designated pGL3UTR (pGL3 basic containing TTSuV1 UTR) and validated by sequencing. Vero cells were co-transfected (TransIT-2020, Mirus Bio, Madison, WI), following the manufacturer’s instructions, as described above. The treatments consisted of pGL3UTR + TTSuV1 ORF1, pGL3UTR + PCV1 ORF1. The controls included the pGL3 basic alone (no promoter) as negative control, pGL3UTR as a baseline control, and pGL3UTR+ empty V5His plasmid as a background control for the plasmid backbone in which the TTSuV1 and PCV1 rep were expressed. Five replicates of each treatment were tested. After 72 h of incubation at 37°C, luciferase activity was assessed (Bright-Glo kit system, Promega, Madison, WI), following manufacturer’s instructions, and the luminescence readings recorded (Synergy luminometer, Agilent Technologies, Santa Clara, CA). The baseline luciferase activity values for the empty V5HisA backbone of the mammalian expression vector were deducted from the experimental treatments before data analysis (Figure 6 right).



2.12 Trans-complementation of PCV2 rep by TTSuV1 rep

The start codon of the PCV2 replicase protein was deleted by site directed mutagenesis (Q5 Site-Directed Mutagenesis Kit, Thermo Fisher Scientific, Grand Island, NY), in the backbone of a cloned monomeric genomic copy of PCV2b strain 41,513 (Gen Bank KR816332) (Constans et al., 2015). The deletion was confirmed by sequencing and the functional absence of viral replication was confirmed by IFA by transfecting PK15 cells with the re-circularized mutated PCV2b genomic DNA (Figure 7, top middle). To determine if the mutation could be trans-complemented by the TTSuV1 rep, the mutated PCV2b genomic DNA was co-transfected with either the TTSuV1 ORF1 expression plasmid or the dimerized copy of the TTSuV1 genome, as described above. As PCV1 and PCV2 reps are interchangeable, co-transfection with the PCV1 rep expression plasmid served as a positive control for complementation. Effective rescue and replication of PCV2 due to complementation was assessed by an IFA, using a PCV2 specific antibody (Figure 7). Transfection controls for the TTSuV1 ORF1 and dimerized TTSuV1 genome were checked by IFA using a TTSuV1 specific antibody. Untreated cells were used as a negative control.
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FIGURE 7
 Trans-complementation of the PCV2 replicase protein: immunofluorescence assay (IFA) to detect PCV2 using a PCV2-specific antibody. Effective PCV2 rescue and replication is indicated by apple green, nuclear fluorescence. Blue—DAPI stained nuclei. Top left—uninfected cell control, top middle—cells transfected with the PCV2b ORF1 null mutant, top right—cells transfected with the PCV1 ORF1 (rep) expressing plasmid, bottom left—cells co-transfected with the PCV2b ORF1 null mutant and TTSuV1 dimerized infectious clone, bottom middle—cells co-transfected with the PCV2b ORF1 null mutant and plasmid expressing PCV1 ORF1, bottom right—cells co-transfected with the PCV2b ORF1 null mutant and plasmid expressing TTSuV1 ORF1.




2.13 Effect of PCV1 replicase on TTSuV1 replication in mice

All animal experimentation was carried out in compliance with the N. Dakota State University IACUC regulations. To determine if the presence of PCV1 rep will enhance TTSuV1 replication in vivo, 24 2 weeks-old, male and female C57/BL6 mice were administered treatments as follows: Group I—300 μL PBS, 50 μL i/n and 250 μL i/m, N = 4, Group II—50 μg of plasmid DNA encoding the PCV1 rep in a 300 μL volume, 50 μL i/n and 250 μL i/m, N = 4, Group III—50 μg of plasmid DNA encoding the TTSuV1 dimerized genome in a 300 μL volume, 50 μL i/n and 250 μL i/m, N = 8, Group IV—50 μg of plasmid DNA encoding the PCV1 rep and TTSuV1 dimerized genome each in a total of 300 μL volume at 50 μL i/n and 250 μL i/m, N = 8. Group III and Group IV mice were administered the TTSuV1 dimerized plasmid 24 h after administration of the PCV1 rep plasmid. The mice were observed daily for any signs of physical abnormalities. Whole blood was collected on day 0, 7, 15, 21 and 28 post inoculation to assess TTSuV1 genome copy numbers by qPCR. Serum was collected on day 0, 15, 28 post infection to assess antibody responses to TTSuV1 by ELISA. Samples were assessed in duplicate by qPCR using DNA extracted with the QIAamp DNA blood mini-Kit (Qiagen, Valencia, CA, United States), essentially as described above (Figure 8—left). Half the number of mice in each group were euthanized on day 15 and the remaining mice on day 30 post exposure. Liver, kidney, spleen, heart, lungs, large intestine, and ileum were fixed in 10% formaldehyde for histopathological analysis.
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FIGURE 8
 Replication of TTSuV1 in mice. Left—copy numbers of TTSuV1 DNA as detected in whole blood by a TTSuV1-specific qPCR assay. X axis—days post infection, Y axis—log10 copy number/mL. Solid line—mean values for mice administered TTSuV1 infectious clone and plasmid encoding the PCV1 replicase. Dotted line—mean values for mice administered TTSuV1 infectious clone alone. Right—antibody responses in mice. TTSuV1-specific IgG responses measured by an ELISA. Solid line—mean values for mice administered TTSuV1 infectious clone and plasmid encoding the PCV1 replicase. Dotted line—mean values for mice administered the TTSuV1 infectious clone alone. X axis—days post infection, Y axis—signal/negative ratio. *Significantly different from the single infection group, p ≤ 0.05 (student t-test).




2.14 TTSuV1 ELISA

The measurement of antibody responses to TTSuV1 was carried out essentially as described previously (Ssemadaali et al., 2016). Briefly, 96 well ELISA plates (High bind microplates, Corning®, NY) were coated with 50 μL of purified recombinant TTSuV1 ORF2 antigen (1:100,000 dilution) in carbonate coating buffer (pH 9.6), overnight at room temperature. The coated plates were washed with PBST and blocked with a commercial block (General block, ImmunoChemistry Technologies, Bloomington, MN) containing 2% BSA and 2% normal goat serum for 2 h at 37°C. The experimental mouse sera were diluted to 1:10 in PBST containing 2% BSA dilution and 50 μL volumes were added to the plate. The plates were incubated for 1 h at 37°C. Detection was achieved using a goat anti-mouse HRPO-conjugate (KPL, Gaithersburg, MD) at a 1:2500 dilution for 45 min at 37°C following incubation with the TMB substrate (KPL, Gaithersburg, MD). The reaction was stopped after 5 min by adding 1 M HCl solution. Plates were read at 450 nm using ELISA plate reader (Elx800 reader, BioTek Instruments, Inc., Winooski, VT). Samples were assessed in three independent assays in duplicate (minimum 4 values each as some samples were exhausted). Day 0 samples were used to obtain the mean baseline for negative samples. Data across each independent assay was normalized using the negative control. The optical density values were expressed as a signal to negative ratio after reduction of the background (Figure 8—right).



2.15 Assessment of histopathological lesions

The mice were examined for any gross changes to organs during necropsy. Sections of lung, liver, spleen, pancreas, kidney, and intestines were stained by hematoxylin and eosin following the standard operating procedures of the N. Dakota State University Veterinary Diagnostic Laboratory. The sections were scored for microscopic lesions in a blinded fashion by a board-certified pathologist. Lymphoid hyperplasia and extramedullary hematopoiesis in the spleen were assessed. The scoring system used to grade lymphoid hyperplasia was as follows: Marked decrease =2, moderate decrease =2, mild decrease =3, normal =4, mild increase =5, moderate increase =6, marked increase =7. Extramedullary hematopoiesis was scored as follows: normal =1, mild =2, moderate =3, marked =4 (Figure 9).
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FIGURE 9
 Splenic lesions in infected mice: representative images of H&E-stained sections of mouse spleen. Left—untreated mice, middle—mice administered the TTSuV1 infectious clone alone demonstrating mild lymphoid hyperplasia, right—mice administered both the TTSuV1 infectious clone and PCV1 rep encoding plasmid DNA demonstrating moderate lymphoid hyperplasia. No differences in extramedullary hematopoiesis were detected. Arrows—white pulp, arrowheads—germinal center development. magnification-100×.




2.16 Statistical analysis

Data analysis was carried out using Microsoft excel or Minitab 19 (Minitab, State College, PA). Following assessment for normal distribution, significance levels were set at p < 0.05 for all tests. The ELISA, qPCR, luminescence and histology data were analyzed by the student’s t-test. The figures and graphs included depict average or consolidated values with standard deviations and statistical significance for differences between test groups.




3 Results


3.1 The presence of PCV1 or PCV1 rep protein enhances TTSuV1 replication

To determine whether PCV1, or specifically the PCV1 rep protein, can increase TTSuV1 titers in cell culture, PK15N or ST cells were either co-infected with PCV1 and TTSuV1 or co-transfected with a recombinant TTSuV1 infectious clone and plasmid expressing the PCV1 rep. Three different quantification techniques were used to quantify virus; log10TCID50 to measure replicative TTSuV1 (Figure 1 left, Figure 2 left, and Figure 3 left), a TTSuV1-specific qPCR to measure viral genome copy numbers (Figure 1 middle, Figure 2 middle, and Figure 3 middle) and flow cytometry to measure intracellular TTSuV1 antigen (Figure 1 right, Figure 2 right, and Figure 3 right).

Transfection of the dimerized TTSuV1 genome in PCV1 + PK15 cells resulted in a significantly higher replication of TTSuV1 compared to transfection in PK15N cells, indicating that the presence of PCV1 supported the replication of TTSuV1 (Figure 1). Further, the viability of the rescued TTSuV1 was sustained without a loss of titer for 10 serial passages in PCV1 + PK-15 cells but not in the PCV1 negative PK15 N cells (data not shown), as previously observed by others (Huang et al., 2012). To further confirm the results, PK15N and swine testicular (ST) cells were coinfected with pre-titrated and equal amounts of PCV1 and TTSuV1. The coinfected cells had significantly higher TTSuV1 titers compared to singly infected cells (Figure 2). To specifically determine if the PCV1 rep played a role in enhanced TTSuV1 replication in coinfections, possibly via trans-replicase activity, the PCV1 replicase protein was transiently over-expressed in PK15N and ST cells, in combination with the dimerized TTSuV1 genome. Consistent with previous observations, higher levels of TTSuV1 replication were detected in cells co-transfected with the PCV1 rep and TTSuV1 infectious clone compared to cells singly transfected with the TTSuV1 infectious clone alone (Figure 3). The observed results were consistent across the three different quantification techniques, i.e., log10TCID50, qPCR and flow cytometry. Overall, ST cells supported higher levels of TTSuV1 replication than PK-15 cells across the treatment conditions. Reciprocally, measurement of PCV1 intracellular antigen by flow cytometry showed that PCV1 antigen detection was also significantly higher in the presence of TTSuV1 (Figure 2 right, treatments indicated by a #). Untransfected or uninfected cells remained clear of specific signals for all experiments. Representative images for data acquisition by flow cytometry are provided in Figure 4. The specificity of the TTSuV1 anti-peptide rabbit antibodies used was independently verified with previously validated antibodies (Huang et al., 2011) (Figure 5 left). The rescue of structurally intact TTSuV1 was further confirmed by the presence of approximately 20-25 nm sized icosahedral particles by electron microscopy (Figure 5 middle and right).



3.2 The PCV1 replicase protein interacts with the TTSuV1 UTR region

Exploration of the physical interaction of the PCV1 replicase protein with the intergenic TTSuV1 UTR region (Figure 6 left) by an electrophoretic mobility shift assay (EMSA), showed that the PCV1 rep colocalized with the TTSuV1 UTR, as indicated by an upward shift in the sample containing both the TTSuV1 UTR DNA and PCV1 rep protein when compared to the sample with the TTSuV1 UTR DNA alone (Figure 6A middle). As expected, the TTSuV1 rep positive control and was found to bind to the TTSuV1 UTR DNA, as indicated by an upward shift (Figure 6B middle) compared to the TTSuV1 DNA only control.

As the TTSuV1 UTR is believed to contain a putative promoter (Figure 6 left), the possible interaction of the PCV1 and TTSuV1 rep proteins with the promoter was explored using a luciferase-based reporter gene assay. When the cloned reporter gene constructed containing the UTR fragment (pGL3UTR) was transfected into Vero cells, strong promoter activity was detected luciferase activity (Figure 6 right), while transfection of the empty control pGL3 basic plasmid did not. However, when a mammalian protein expression plasmid, encoding either the PCV1 rep or TTSuV1 ORF1 proteins was co-transfected along with the pGL3UTR plasmid, the promoter activity was completely abrogated, indicating that both TTSuV1 and PCV1 rep proteins bound with very high affinity to the UTR DNA, out competing the binding of the cellular transcription factors that stimulated the reporter gene expression (Figure 6 right).



3.3 The TTSuV1 ORF1 product trans-complements a PCV2 replicase null mutant

To determine if the TTSuV1 and PCV reps can function interchangeably, the start codon of the rep gene was deleted in a PCV2b infectious clone by site directed mutagenesis. As expected, deletion of the ATG of the rep gene resulted in abrogation of viral replication in cells transfected with the mutated PCV2b infectious clone, as assessed absence of green, fluorescent signals by an IFA (Figure 7 top middle). However, co-transfection of the mutated PCV2b infectious clone with either the dimerized TTSuV1 infectious clone (Figure 7 bottom left), or a plasmid encoding the PCV2 ORF1 (Figure 7 bottom middle) or a plasmid encoding the TTSuV1 ORF1 (Figure 7 bottom right) trans-complemented the silenced PCV2b rep and resulted in successful rescue of PCV2b as evidenced by apple green nuclear fluorescence in IFAs.



3.4 PCV1 replicase increases TTSuV1 genome copy numbers in mice

To determine if the presence of PCV1 rep will enhance TTV replication in vivo, mice were administered the TTSuV1 infectious clone alone or in combination with the PCV rep encoding plasmid. A comparison of the TTSuV1 genome copy numbers by qPCR showed that mice in the dually exposed group had higher copy numbers of TTSuV1 DNA in all the time points tested. The difference was statistically significant at days post exposure 7, 15 and 21 but not at day 28. TTSuV1 DNA was not detected in the control mice administered PBS or DNA encoding the PCV1 replicase alone (Figure 8 left). When antibody responses against TTSuV1 were measured by ELISA the rate and magnitude of seroconversion was greater at 15 days post-exposure in the dually exposed mice when compared to the mice inoculated with TTSuV1 DNA alone (Figure 8 right). Antibody levels in both experimental groups were similar by 28 days, correlating with the kinetics of viral replication observed by qPCR (Figure 8). The expression of the PCV1 rep protein in mice was verified by the detection of antibody responses against the PCV1 rep using an immunofluorescence assay (data not shown).

The primary observable microscopic lesions in the experimental mice consisted of splenic lymphoid hyperplasia (Figure 9). The mean scores were slightly higher in the co-inoculated group (DPI 15–5.5 ± 0.58, DPI 30–5.67 ± 0.58) compared to the singly inoculated group (DPI 15–5.25 ± 0.50, DPI 30–5.25 ± 0.50). However, the differences were not statistically significant. Consistent microscopic lesions or significant gross changes were not observed in other major organs.




4 Discussion

While the extensive epidemiological association of TTVs with a variety of infectious and non-infectious disease conditions is well documented in published literature, current understanding of the mechanisms involved is limited, likely due to the difficulty in culturing TTVs in the laboratory and a lack of standardized animal models (Kekarainen and Segales, 2012, Spandole et al., 2015, Webb et al., 2020). We and others have observed that transfection of TTSuV genomic DNA in cells results in viral protein production and infection, but there is progressive loss of viability of the rescued virus (Huang et al., 2012; Singh and Ramamoorthy, 2016a,b). The serendipitous observation that high TTSuV1 titers were produced when a dimerized TTSuV1 infectious clone was accidentally transfected into PCV1 + PK15 cells instead of the PCV1 negative PK15N cells, prompted the exploration of synergies in the mechanisms of replication of PCVs and TTSuV1 in this study.

Coinfection of adeno associated virus (AAV), a dependovirus, with its helper viruses is reported to reduce the helper virus’s replication (Meyers et al., 2001). However, in this study, the positive effect on replication appeared to be reciprocal for PCVs and TTSuV1 as increased PCV1 signals were observed in coinfected cells by flow cytometry (Figure 2C). The intracellular TTSuV1 or PCV1 antigen measured by flow cytometry very likely represented viable virus and similar flow cytometry-based strategies have been used to measure viral replication for other viruses (Shen et al., 2002). The trend of observations being consistent between the 3 different quantification methods used (Figures 1–3) provides robust validation for the conclusion that PCV1, and specifically PCV1 rep, positively influences TTSuV1 replication.

Similar to our findings that the PCV1 replicase protein interacts physically with the TTSuV1 UTR (Figure 6), the helicase primase complex and ssDNA binding proteins of helper herpes simplex viruses bind to the AAV inverted terminal repeats (ITRs) to promote AAV DNA replication (Weindler and Heilbronn, 1991). Further, a human herpes virus 6 (HHV6) protein is reported to act as a homolog to the AAV rep protein (Thomson et al., 1994). Rolling circle amplification (RCR) of circular DNA genomes is achieved via the nicking, helicase, ATPase and endonuclease activity of replicase proteins (Wawrzyniak et al., 2017). While we demonstrate that the PCV1 rep physically interacts with to the TTSuV1 UTR DNA (Figure 6), performing mutation and complementation analysis to determine which of these functions is executed or facilitated by the non-cognate rep protein or the understand the exact mechanistic nature of the interaction is not within the scope of this study.

Transcriptional regulation is another recognized mechanism by which coinfecting viruses can influence each other’s replication and pathogenesis. For example, adenoviral proteins are known to bind to an AAV promoter upregulating the transcription of the AAV rep proteins (Chang et al., 1989). The full-length PCV1 rep represses its own transcription initiation, whereas the spliced Rep′ protein does not (Mankertz et al., 2003). While the transcriptome of TTVs is yet to be fully understood, a TTV minimal promoter has been previously mapped to the intergenic UTR region in human TTVs (Figure 6 left) (Suzuki et al., 2004; Liu et al., 2016). While described data confirms the presence of the promoter in TTSuV1 (Figure 6 right), the exact TTSuV1 UTR residues involved in binding to the rep proteins are not known and were not identified in this study. As the putative promoter region was present in both the EMSA and reporter gene amplicons (Figure 6 middle and right), it is reasonable to infer that PCV or TTSuV1 rep proteins may not have transcription factor like functions but rather bind to the UTR region with very high affinity to promote viral DNA replication. Based on other studies showing that the TTSuV1 UTR region also contains regulatory and binding sequences for NF-kB, SP-1, AP-2, ATF/CREB and that the TTV ORF2 product downregulates the NF-kB (Zheng et al., 2007), IFN-β and IL-13 (Singh and Ramamoorthy, 2016a,b). It is possible that other indirect mechanisms may also be involved in TTVs and PCVs promoting each other’s replication.

As the TTSuV1 ORF1 is believed to encode a bifunctional protein that serves both as the capsid and has replicase activity, deletion of the start codon of the TTSuV1 ORF1 would result loss of both capsid and rep functions. Hence, this approach could not be used to assess trans-complementation functions. Hence, a rep deficient PCV2b mutant which could potentially be trans-complemented by the TTSuV1 ORF1 product was developed (Figure 7). Besides sharing conserved rep proteins, circoviruses share a conserved nonanucleotide sequence required for RCR with other CRESS viruses and even related plant viruses from the Geminiviridae and Nanoviridae families. Some monopartite begomoviruses which belong to Geminivirdae require beta satellite nanoviruses to induce overt disease. The beta satellite viruses are promiscuous in rep binding or ATPase interactions as they associate with several cognate and non-cognate helper geminiviruses via their trans-acting rep binding sites (Zhang et al., 2016). Given the genetic relatedness of ssDNA viruses, it is highly likely that relaxed specificity of the rep binding motifs for TTVs and PCVs can allow for similar trans-acting binding with structurally related replicases from other viruses.

Rodent TTVs have been previously described in rats. Administration of TTV positive human blood resulted in the detection of TTV DNA in the blood and tissues of the exposed mice for several days (Isaeva and Viazov, 2002; Xiong et al., 2018). As TTVs are not usually pathogenic, overt clinical signs or severe lesions were not expected or observed in the experimental mice in this study (Figure 9). As active viral DNA replication occurs early in infection, it is likely that the maximum load of TTSuV1 DNA was observed at day 7 post-exposure (Figure 8 left). Although the detection of TTSuV1 DNA by itself may not mean that productive viral infection occurred, the observation that seroconversion occurred between days 0–15 post-exposure (Figure 8 right) in a pattern consistent with the qPCR data and moderate splenic lesions were observed in dually exposed mice is suggestive of productive TTSuV1 infection. A more detailed characterization of TTV infection in mice was not undertaken and is the focus of future studies. While published epidemiological and experimental studies show that TTVs exacerbate PCV2 clinical signs, the primary hypothesis tested in this study is that the replicase protein of PCVs has trans-replicase activity for TTVSuV1. The replicase proteins of PCV1 and PCV2 are highly conserved and exchangeable. Using the PCV1 system enabled us to study the effects of the rep on TTSuV1 without any possible confounding pathogenic effects due to PCV2 in the mouse model.

In conclusion, data from this study suggests that an overlap in viral DNA replication pathways can lead to increased viral replication and possibly disease manifestations, thus providing novel insight into the complex molecular interactions between TTVs and PCVs in coinfections. The current study also has implications for developing better laboratory culture methods and in vivo models for TTV’s. With the current explosion in the discovery of small DNA viruses due to metagenomic sequencing and emphasis on understanding how the microbiome and virome contribute to health and disease, improved knowledge regarding how viruses interact in coinfections can be critical to developing better tools for prevention.
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Pseudorabies virus (PRV), a herpesvirus responsible for Aujeszky’s disease, causes high mortality in swine populations. To develop effective and novel antiviral strategies, it is essential to understand the mechanism of entry used by PRV to infect its host. Viruses have different ways of entering host cells. Among others, they can use endocytosis, a fundamental cellular process by which substances from the external environment are internalized into the cell. This process is classified into clathrin-mediated endocytosis (CME) and clathrin-independent endocytosis (CIE), depending on the role of clathrin. Although the involvement of cholesterol-rich lipid rafts in the entry of PRV has already been described, the importance of other endocytic pathways involving clathrin remains unexplored to date. Here, we characterize the role of CME in PRV entry into the PK15 swine cell line. By using CME inhibitory drugs, we report a decrease in PRV infection when the CME pathway is blocked. We also perform the shRNA knockdown of the μ-subunit of the adaptor protein AP-2 (AP2M1), which plays an important role in the maturation of clathrin-coated vesicles, and the infection is greatly reduced when this subunit is knocked down. Furthermore, transmission electron microscopy images report PRV virions inside clathrin-coated vesicles. Overall, this study suggests for the first time that CME is a mechanism used by PRV to enter PK15 cells and provides valuable insights into its possible routes of entry.
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1 Introduction

Viruses may be simple in composition, but they have evolved to present a wide variety of complex mechanisms to interact with and infect host cells. Some viruses can enter the cell directly through fusion with the plasma membrane, but other routes based on endocytosis are preferred (Yamauchi and Helenius, 2013; Cossart and Helenius, 2014). Endocytosis is a fundamental mechanism described in eukaryotic cells, by which substances from the external environment (including solutes, fluids, components of the plasma membrane, and pathogens) are internalized into the cytoplasm through invagination of the cell membrane (Kaksonen and Roux, 2018). This process contributes to nutrient and ligand uptake, cell signaling, and adhesion, among others (Le Roy and Wrana, 2005).

Endocytosis can be classified into two main groups focusing on the role of clathrin, namely clathrin-mediated endocytosis (CME) or clathrin-independent endocytosis (CIE). The latter group includes caveolae-mediated endocytosis, lipid raft-dependent endocytosis, macropinocytosis and other lesser-known processes (Mercer et al., 2010; Hemalatha and Mayor, 2019). Although viruses primarily use CME as their route of entry, they can enter through more than one single pathway (Kaksonen and Roux, 2018; Ripa et al., 2021). Typically, the CME pathway begins with the stimulation by ligands of specific receptors on the cell membrane. This triggers the recruitment of triskelia-shaped clathrin to the plasma membrane forming clathrin-coated pits (CCPs) of 100 triskelia on average (Mettlen et al., 2018). Clathrin is anchored to the plasma membrane via protein adaptor complexes (such as adaptor protein 2 or AP-2), giving rise to clathrin-coated vesicles (CCVs) (McMahon and Boucrot, 2011; Brodsky, 2012; Mettlen et al., 2018). Finally, the GTPase activity of dynamin is responsible for the budding of clathrin vesicles by self-assembling into rings that form a collar around the neck of the vesicles (Mettlen et al., 2009; Prichard et al., 2022). Once the cargo has been internalized, not only the clathrin, but also the cytoplasmic complexes and membrane receptors involved in this process can be recycled and reused (Le Roy and Wrana, 2005; Barrow et al., 2013).

Pseudorabies virus (PRV) belongs to the family Herpesviridae and is the pathogenic agent of Aujeszky’s disease, which causes severe symptoms and high mortality in swine populations, its natural host (Andreu et al., 2020). Previous studies have demonstrated the entry of several herpesviruses through CME in different cell lines (Sobhy, 2017); for example, herpes simplex virus type 1 (HSV-1) (Nicola, 2016; Praena et al., 2020; Tebaldi et al., 2020), Epstein-Barr virus (EBV) (Millert and Hutt-Fletcher, 1992), bovine herpesvirus 1 (BoHV-1) (Pastenkos et al., 2018), and Kaposi’s sarcoma-associated virus (KSHV/HHV-8) (Kerur et al., 2010). In addition, the relevance of cholesterol-rich lipid rafts in PRV entry has already been characterized (Desplanques et al., 2008; Ren et al., 2011), but so far, the importance of other endocytic pathways that the virus hijacks to enter the cell has not been explored.

In the present study, we characterize the role of CME in the entry of PRV into the established swine cell line PK15. To this end, a set of studies with CME inhibitory drugs were performed, revealing a decrease in the infection when blocking this pathway by this method. The importance of clathrin in PRV infection was also determined by silencing the μ subunit of the adaptor AP-2, by a knockdown approach. Furthermore, transmission microscopy images also elucidate the interaction of PRV virions with clathrin vesicles. Our results provide the first evidence that the absence of CME reduces PRV infection and that this endocytic process is critical for PRV entry in PK15 cell line.



2 Materials and methods


2.1 Cell cultures

PK15 is an established cell line that originated from kidney epithelial cells of an adult pig (Sus scrofa domestica) (Todaro et al., 1974), and was generously provided by Dr. Yolanda Revilla (CBMSO, Madrid, Spain). Cells were maintained in low-glucose Dulbecco’s modified Eagle medium (DMEM) (Life Technologies, Paisley, UK) supplemented with 5% fetal bovine serum (FBS), glutamine (2 mM), penicillin (50 U/mL) and streptomycin (50 μg/mL) (Gibco, CA, USA), at 37 °C in a humidified atmosphere of 5% CO2. The absence of mycoplasma was confirmed by using the PCR Mycoplasma Detection kit (Takara Bio, San José, CA, USA).



2.2 Viruses

Recombinant strain PRV-XGF-N (Viejo-Borbolla et al., 2010) was kindly provided by Dr. Enrique Tabarés (UAM, Madrid, Spain). PRV-XGF-N was obtained by replacing the gene encoding the PRV gG glycoprotein (glycoprotein that is not part of the virion as it is secreted into the medium by infected cells, being not essential for virulence) with the EGFP gene in NIA-3 wild type PRV strain. PRV-XGF-N was propagated and titrated with a 50% tissue culture infective dose (TCID50) assay in PK15 cells as previously described (Andreu et al., 2021).



2.3 Antibodies and reagents

Chlorpromazine (C8138), dynasore (D7693), and pitstop 2 (SML1169) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Mowiol was obtained from Calbiochem (Merck Chemicals, Darmstadt, Germany), To-Pro-3 from Thermo fisher (Waltham, MA, USA) and human transferrin (Tf) CF®543 and CF®555-Labeled Dye Dextran 10,000 MW conjugates were purchased from Biotium (Fremont, CA, USA). X-tremeGENE 360 Transfection Reagent (XTG360-RO) was obtained from Roche (Basel, Switzerland). All drugs in this study were dissolved in 0.1% v/v dimethyl sulfoxide (DMSO), except for chlorpromazine and Tf which were dissolved in sterile distilled water.

Primary antibodies used were mouse monoclonal anti-GFP (11814460001, Roche), mouse monoclonal anti-β-actin peroxidase antibody (A3854, Sigma), rabbit monoclonal anti-AP2M1 (ab75995, abcam, Cambridge, UK), and rabbit anti-IE180 (Gómez-Sebastián and Tabarés, 2004) (kindly provided by Dr. Enrique Tabarés). Horseradish peroxidase conjugate (HRP) secondary anti-IgG antibodies were purchased from Millipore (Darmstadt, Germany).



2.4 Cell viability assay

The potential cytotoxic effect of chlorpromazine, dynasore, and pitstop 2 in PK15 cells was analyzed by the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay (Promega, Cell Titer 96® Non-Radioactive Cell Proliferation Assay). Non-confluent monolayers of PK15 cells plated in 96-well tissue culture dishes and cultured in DMEM supplemented with 5% FBS were incubated for 24 h with different concentrations between 0 and 100 μM of each compound. Four replicates were carried out for each concentration. Then, cells were incubated with a final concentration of 0.5 mg/mL of MTT in a humidified atmosphere for 4 h, and formazan crystals were solubilized in 0.01 M HCl with 10% SDS. The resulting-colored solution was quantified using the scanning multiwell spectrophotometer iMarkTM Microplate Reader (BioRad, Hercules, CA, USA), measuring the absorbance of formazan at 595 nm. The readouts obtained from MTT assay were further normalized to the value of untreated cells where the viability value was set to 100%.

The effect of the antibiotic puromycin on PK15 cells was also tested by this method. Cells were incubated for 48 h with puromycin ranging from 0 to 10 μM, and results were obtained following the same protocol as before.



2.5 Endocytosis assay

Cells grown on 24-well plates on round coverslips were treated for 1 h with either 20 μM chlorpromazine, 100 μM dynasore, or 50 μM pitstop 2 at 37°C and then maintained for 30 min on ice with human transferrin conjugate Tf CF®543 (5 μg/mL) or CF®555 Labeled Dye Dextran 10,000 MW (5 μg/mL). All cells were incubated again for 5 or 10 min, respectively, at 37°C in a humidified 5% CO2 atmosphere to allow internalization of Tf or dextran conjugate. Finally, cells were washed with PBS followed by fixation for immunofluorescence microscopy.



2.6 Immunofluorescence microscopy

Cells grown on 24-well plates on round coverslips were fixed in 4% paraformaldehyde (PFA) for 15 min and rinsed with PBS. Cells were then permeabilized with 0.2% Triton X-100, rinsed and incubated for 30 min at room temperature (RT) with 3% bovine serum albumin in PBS (blocking buffer). For a labeled immunofluorescence analysis, coverslips were incubated in a wet chamber and nuclei were stained with To-Pro-3 for 10 min. After thorough washing, coverslips were mounted on a slide using mounting media (Mowiol). Images were obtained using a LSM 710 Inverted Confocal Microscope (Zeiss, Vienna, Austria), equipped with an Argon laser and a He/Ne 633 nm laser, using 40x/1.4 NA Oil lens. Pinhole size was set to 1 AU. Processing of confocal images was performed using the Fiji-ImageJ software (version Image J 1.53c) (Schindelin et al., 2012).



2.7 Flow cytometry

To perform fluorescence activated cell sorting (FACS) analysis, cells were dissociated by 2 min incubation with 0.05% trypsin/0.1% EDTA (Invitrogen, Waltham, MA, USA) at RT and washed and incubated for 20 min with Ghost Dye Red 780 (1:1000 in PBS, CYTEK). After centrifugation, the pellet was washed with PBS and fixed with 1%-PFA-1% FBS in PBS for 15 min. Finally, cells were rinsed and resuspended in PBS. Cells were analyzed using a FACSCalibur Flow Cytometer from BD (Franklin Lakes, NJ, USA). Data were processed with FlowJo software (BD, version 10.6.2).



2.8 Western blot analysis

Cells were lysed using the radioimmunoprecipitation assay (RIPA) buffer mixed with a protease inhibitor cocktail from Roche (Basel, Switzerland), and the total protein load was quantified by Bradford assay (Bio-Rad Laboratories, Inc. Hercules, CA, USA). Equalized protein samples were separated by SDS-PAGE in 10% acrylamide gels under non-reducing conditions and later transferred onto Merck Millipore Immobilon-P membranes. Membranes were blocked for 30 min in 5% non-fat dry milk at RT, incubated overnight at 4°C with the appropriate primary antibodies (anti-GFP 1:1000, anti-IE180 1:200), washed with 0.05% Tween 20 in PBS, and incubated with HRP-conjugated secondary antibodies for 1 h at RT. Anti-β-actin-peroxidase antibody (1:50,000) was directly incubated for 1 h at RT. After extensive washing, the membranes were finally incubated with an enhanced chemiluminescence Western blotting kit, ECL Western Blotting Detection Reagent (GE. Healthcare, Chicago, IL, USA) to visualize the protein band. The intensity of immunoblot bands was analyzed using Fiji-ImageJ software (version Image J 1.53c).



2.9 shRNA knockdown

To knockdown (KD) the gene expression of AP2M1 in PK15 cells, the RNA interference strategy was used. Five commercial shRNA oligonucleotides designed to target against different regions of the AP2M1 gene were purchased (Table 1). Control cells were transfected with pLKO.1-puro non-target shRNA control plasmid DNA (Sigma-Aldrich).


TABLE 1 ID and specific sequence of commercial shRNA plasmid DNAs (Sigma-Aldrich) used for the KD of AP2M1 gene in PK15 cell line.

[image: Table 1]

PK15 cells were seeded in 96-well tissue culture plates at an approximate confluency of 70%. At least 1 h after cell transfection, the culture medium was replaced for fresh DMEM medium supplemented with 5% FBS. shRNA plasmid DNAs were diluted in DMEM to reach a concentration of 1 μg/μl. A total of 100 μl of this shRNA was mixed with the XtremeGENE transfection agent (3 μl of reagent for every 100 μg of shRNA; ratio 3:1) and this mixture was incubated for 20 min at RT. Subsequently, 10 μl of said mix was added in the form of drops to 10 wells per condition and the plate was shaken vigorously to ensure distribution over the entire surface. After 48 h of incubation at 37°C in a humidified atmosphere of 5% CO2, the transfection mix was replaced with DMEM supplemented with 5% FBS and 5 μg/ml puromycin to select transfected cells. Two days later, cells growing in medium with puromycin were isolated, grown on 24-well plates, and processed for immunoblot or RT-qPCR to determine the efficacy of shRNA silencing. A previous cytotoxicity assay (MTT) was performed to elucidate the concentration of puromycin that was able to kill wild type PK15 cells which had not incorporated the plasmid, as described in the “cell viability assay” section.



2.10 RT-qPCR

To characterize the success in silencing AP2M1 gene in PK15 cells, transfected cells A6, B3 and C1 were cultured in 24-well plates for 24 h. Later, cells were treated with 0.25 trypsin and 0.03% EDTA in PBS and the total RNA from six different samples per condition was extracted using a RNeasy mini kit (Qiagen, Venlo, Netherlands). RNA integrity was evaluated on an Agilent 2100 bioanalyzer (Agilent Technologies, Santa Clara, CA, USA), and quantification of RNA was performed on a Nanodrop ND-1000 spectrophotometer (Thermo Fisher). RNA integrity number (RIN) values were between 9 and 10, corresponding to samples with high integrity. Genomic DNA contamination was assessed by amplification of representative samples without retrotranscriptase. RT reactions were performed using SsoFast™ EvaGreen® Supermix (Bio-Rad, #1725204) and qPCR using Power SYBR® Green PCR Master Mix (ThermoFisher, #4367659). Briefly, 1 μg of total RNA from each sample was combined with master mix containing a mixture of random primers and oligo-dT for priming. The No-RT master mix included in the pack was used as RTcontrol. The reaction volume was completed up to 20 μL (RT reactions) and 10 μL (qPCR) with DNAse/RNAse free distilled water following manufacturer’s instructions. Amplification conditions of qPCR followed these steps: (30 s × 95°C, 5 s × 60°C) × 40 cycles and melting curve from 60 to 95°C (incrementing 0.5°C/s). Amplifications of the representative samples were either negative or delayed more than 5 cycles compared to the corresponding RT + reactions. Primers were designed by the Genomics Core Facility at the Centro de Biología Molecular Severo Ochoa (CBMSO) using Primer Blast, following an intron-spanning strategy. To guarantee silencing efficacy, AP2M1 primer sets were designed to overlap the site targeted by the shRNAs on the mRNA. The NormFinder algorithm was used to identify β-actin (ATCB) as the most suitable gene for the normalization due to its high stability. Primer sequences were as follows (Table 2).


TABLE 2 ID and specific sequence of customized primers used for qPCR.
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2.11 Transmission electron microscopy (TEM)

Cells were seeded in 24-well tissue culture plates and maintained in DMEM supplemented in 5% FBS for 24 h. Then, they were pretreated or not with 100 μM dynasore, 20 μM chlorpromazine or 50 μM pitstop 2 for 1 h before infection, and then infected or mock-infected with PRV-XGF-N at an m.o.i of 30 for 1 h at 4°C, to allow viral attachment to the cellular surface without yet entering the cell. After this time, cells were incubated at 37°C for 20 min. Finally, cells were fixed with 2% PFA+ 2.5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4 and processed for transmission electron microscopy. Fixed monolayers were washed once with PBS and once with distilled water. Cells post-fixation was as follows: 45 min at RT with 1% osmium tetroxide (TAAB Laboratories Equipment Ltd.) in PBS, washed with distilled water, 45 min incubation ay RT with 1% aqueous uranyl acetate (Electron Microscopy Sciences, Hatfield, PA, USA) and after dehydration with increasing concentrations of ethanol absolute, cells were embedded in epoxy resin EML-812 (TAAB Laboratories Equipment Ltd., 2 days, RT). Resin-containing gelatin capsules (TAAB Laboratories Equipment Ltd.) were placed on the coverslips and polymerized (2 days, 60°C). Resin blocks were detached from coverslips by successive immersion in liquid nitrogen and hot water. Ultrathin 70 nm-thick sections, parallel to the monolayer, were obtained with a Leica ultramicrotome (Leica Microsystems GmbH, Wetzlar, Germany), transferred to Formvar-coated EM GS2x1-N3 nickel buttonhole grids, and stained with 5 % aqueous uranyl acetate (10 min, RT) and lead citrate (3 min, RT). Sections were visualized on a JEOL 1400 electron microscope equipped with a LaB6 filament and operated at 100 kV. Images were recorded with a GATAN One View digital camera at various magnifications and processed by Fiji-ImageJ software (version Image J 1.53c).



2.12 Statistical analysis and quantification of fluorescence

Results obtained from the experiments were analyzed using Prism software v8.0.1 (GraphPad software, Inc., San Diego, CA, USA). Data were subjected to Mann-Whitney U-tests to determine significant differences between groups, and a P-value of < 0.05 was considered statistically significant. For fluorescence intensity quantifications, various regions of interest (ROIs) were measured from groups of 30 cells with 3 areas of each image to normalize for the cell number and background intensity. The software Fiji-ImageJ (version Image J 1.53c) was used to quantify fluorescence intensity for the 555 channel. Images were transformed to 8-bit gray scale and fluorescence intensity was analyzed using the particle analysis function, after correcting the background, as previously described (Shihan et al., 2021).




3 Results


3.1 Endocytosis assays with CME chemical inhibitors and its cytotoxic effect in PK15 cell line

First, CME chemical inhibitors chlorpromazine, dynasore and pitstop 2 were tested to determine the concentrations that did not exhibit harmful cytotoxic effects in PK15 cells. After 24 h of drug addition, cells maintained their viability above 70% when treated with either 100 μM dynasore, 20 μM chlorpromazine, or 50 μM pitstop 2 (Figure 1A). This was the threshold chosen for the rest of the assays, as recommended by the ISO 10993-5:2009 (E) standard (ISO 10993-5:2009, Under Review). The absence of cytotoxicity of the solvent at the concentrations used to make the pertinent dilutions of the drugs (DMSO) was also demonstrated (results not shown).


[image: image]

FIGURE 1
Clathrin-mediated endocytosis (CME) chemical inhibitors dynasore, chlorpromazine, and pitstop 2 disrupt transferrin but no dextran uptake at non-cytotoxic doses. (A) Cellular viability of PK15 cells exposed to dynasore, chlorpromazine, and pitstop 2 for 24 h. Cell viability was measured by MTT tetrazolium salt assay and calculated as the percentage of cell viability compared to untreated cells; columns represent the mean percentage of relative cellular viability ± S.D. (n = 4) after exposure to the drugs. (B) Transferrin uptake in PK15 cells is blocked by CME chemical inhibitors. PK15 cells were mock-treated or treated with either 20 μM chlorpromazine, 100 μM dynasore, or 50 μM pitstop 2 for 1 h and then incubated for 30 min on ice with Tf CF®543 (5 μg/ml). Finally, cells were fixed after 5 min of incubation at 37°C. Fluorescence microscopy images are shown, with Tf in red and cellular nuclei stained with To-Pro-3 in blue. Arrows point to the accumulation of Tf in the endosomal recycling compartments. (C) Quantification of Tf CF®543. Cells were acquired and analyzed as in (B,D); ROIs from groups of 30 cells and 3 areas of each image were measured. Mean percentage of fluorescence ± S.D. is shown. (D) Dextran-CF®555 uptake is not altered in PK15 cells treated with CME-inhibitory drugs. PK15 cells were incubated or mock-incubated as described in (B) but instead of Tf, they were incubated with CF®555 Labeled Dye Dextran 10,000 MW (5 μg/mL) for 15 min at 4°C. Cells were then transferred to 37°C for 10 min, washed, and then fixed with 4% PFA and stained as before. (E) Quantification of CF®555 Dextran. Cells were acquired and analyzed as previously described. Measurement of mean fluorescence intensity from 555 channel in a ROI was performed. Mean percentage of fluorescence ± S.D. is shown.


It is well-known that human transferrin uses the CME pathway to enter the cells (Cossart and Helenius, 2014). In this term, human transferrin conjugate Tf CF®543 was used in this study to establish a suitable method to monitor CME endocytosis in PK15 cells and to demonstrate that the compounds dynasore, chlorpromazine and pitstop 2 did block this pathway. These three drugs are known for blocking CME by using different strategies: dynasore blocks the GTPase dynamin that leads to the fission of CCPs from the plasma membrane (Macia et al., 2006); pitstop 2 prevents clathrin-heavy-chain (CHC) from interacting with adaptor proteins necessary for the formation of CCPs (Bayati et al., 2021), and chlorpromazine dissociates clathrin networks in the inner leaflet of the plasma membrane during CCPs assembly (Vercauteren et al., 2010), all blocking the uptake of Tf.

Cells were pretreated for 1 h with dynasore, chlorpromazine or pitstop 2 at 37°C and then incubated for 30 min on ice with Tf conjugate (5 μg/mL). Subsequently, cells were incubated again for 5 min at 37°C in a humidified 5% CO2 atmosphere to allow internalization of Tf (still in the presence of the inhibitors), and finally cells were processed for confocal microscopy. Fluorescence microscopy images after treatment with the drugs showed a decrease in Tf uptake, in comparison to the non-treated control (Figure 1B). Quantification of Tf uptake is also performed (Figure 1C). These drugs reduced the internalization of Tf, suggesting that CME was partially blocked or inhibited. Furthermore, no appreciable amounts of Tf were observed in dynasore-treated cells, but a small amount of Tf is noticeable in the case of chlorpromazine and even more in pitstop 2-treated cells. However, the simulated CME is insignificant compared to non-treated cells, in which there is a marked accumulation of Tf in a perinuclear region, corresponding to the endosomal recycling compartment (Figure 1B, marked with arrows). In addition, CME drugs showed a dose-dependent effect on the inhibition of Tf uptake, with the highest non-cytotoxic concentrations inhibiting the most (results not shown).

Furthermore, to confirm that the drugs used in this study did not interfere with other endocytic pathways at the concentrations tested, the effect on the uptake of fluorescently labeled dextran, which is internalized following a clathrin-independent route, was analyzed (Figure 1D). All drugs blocked internalization of Tf, a process that requires formation of CCPs and is dynamin dependent (Cossart and Helenius, 2014), while maintaining internalization of dextran, whose internalization was also quantified (Figure E).



3.2 Effect of CME inhibitory drugs in PRV infection

Once the efficacy of the drugs in blocking CME in PK15 cell line was determined, the next step was to study whether this inhibition of the route affected PRV infection. For this, the internalization of PRV-XGF-N was examined in the presence of dynasore, chlorpromazine, and pitstop 2. Briefly, PK15 cells were pre-treated for 1 h with these drugs and then infected with PRV-XGF-N at an m.o.i of 0.5 for another hour. Cells were maintained in culture medium after infection and samples were collected at 4 or 24 h p.i for flow cytometry, Western blot, and confocal fluorescence microscopy. A significant decrease in viral infection was noticed in all cells pretreated with CME-blocking drugs, in comparison to non-treated and DMSO-treated cells. This decrease in viral GFP was detected not only in flow cytometry analysis (Figure 2A), but also in Western blot (Figure 2B), where no band corresponding to viral GFP is revealed in the mentioned conditions. For samples collected at 4 h p.i., the expression of immediate protein IE180 was evaluated (Figure 2B), to ensure that the decrease in infection was due solely to clathrin blockade during the entry phase. It is when PRV has already entered, and the genome arrives to the nucleus when IE genes are transcribed. As in the case of GFP, no band corresponding to viral IE180 is observed in the drug-treated samples. The same decrease in viral GFP is reported in fluorescence microscopy images (Figure 2C). These results suggest that CME could be a possible route of entry of PRV.
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FIGURE 2
Pseudorabies virus (PRV)-XGF-N infection is blocked by CME chemical inhibitors. PK15 cells were pre-treated with either 0.1% (v/v) DMSO, 100 μM dynasore, 20 μM chlorpromazine, or 50 μM pitstop 2 for 1 h and then infected with PRV-XGF-N at an m.o.i of 0.5 (collected at 24 h p.i.) or moi 5 (collected at 4 h p.i.). Cells were maintained until they were collected in the presence of the drugs. (A) Flow cytometry data show the percentage of normalized infection 24 h p.i. (% GFP+ cells) ± S.D. for each condition. Triplicate experiments were performed for each data point (n = 3). *p < 0.05. (B) Western blot analysis of total cell lysates showing viral GFP and IE180 for each condition. β-actin was used as protein loading control. Values of Western blot quantification are reported as the mean ± S.D. (n = 3), *p < 0.05. (C) Fluorescence microscopy images show GFP+ signal corresponding to viral infection 24 h p.i. (n = 3).




3.3 Effect of AP2M1 knockdown silencing in PRV infection

A loss-of-function analysis was performed to inhibit CME by knocking down the gene encoding the subunit μ of the AP-2 (AP2M1) adaptor with a previously defined shRNA pool. This could best demonstrate the role of clathrin in PRV entry, as the AP-2 complex plays an essential role in CME (Rappoport, 2008). PK15 cells were transfected with various shRNA plasmid DNAs targeting different sites located on the CDS of AP2M1 and were selected at 48 h post-transfection in a media supplemented with 5 μg/ml puromycin. From 5 different shRNA initially used, only three shRNAs A, B, and C (see Table 2, “2 Materials and methods”) kept viable, and the efficacy of shRNA silencing was evaluated in these samples. Multiple shRNA for the same target were used to verify that the correct phenotype caused by the KD is observed. Transfection of PK15 cells with AP2M1 shRNAs led to a decrease in the expression of AP2M1 protein levels in three of the samples (A6, B3, C1) when compared to cells transfected with non-target shRNA, as demonstrated by Western blot analysis (Figure 3A). RT-qPCR analysis was also made to amplify the target mRNA (Figure 3B), using flanking primer sets that encompassed the region containing the shRNA target. Successful KD of AP2M1 in samples A6 and B3 was achieved, as seen by the reduced levels of mRNA, so this pair of transfected cells were the ones selected for further studies. However, the KD of AP2M1 in C1 PK15 cells was not significantly achieved; the decrease in AP2M1 mRNA relative levels was approximately 30%, and a band of little intensity referring to AP2M1 is shown in Western blot analysis (protein expression levels). Furthermore, no differences either in shape or size (Supplementary Figure 1A) or in viability (Supplementary Figure 1B), were observed between wild-type PK15 and PK15 AP2M1-KD cells (which supports that cells might also use CIE routes to maintain a normal surface/volume ratio). To further confirm that the CME pathway was effectively blocked in KD cells, A6, B3, and C1 were incubated with Tf conjugate, revealing a decrease in the internalization of this compound in successfully KD-samples compared to wild-type PK15 cells (Supplementary Figure 2).


[image: image]

FIGURE 3
Determination of AP2M1 shRNA knockdown efficiency in PK15 cells. PK15 cells were transfected with a pool of shRNA to KD the expression of AP2M1. KD efficiency was checked by both Western blot and RT-qPCR. (A) Western blot analysis of total cell lysates subjected to SDS-PAGE showing AP2M1 for each condition. β-actin was chosen as protein loading control. Values of immunoblot quantification are reported as the mean ± S.D. (n = 3); *p < 0.05. (B) qPCR amplification of AP2M1 mRNA from AP2M1 A6, B3, and C1 shRNA-treated PK15 cells in comparison to the non-targeted control. mRNA level is relative to β-actin (ACTB) control (n = 6, mean ± S.D.). *p < 0.05 was considered as statistically significant compared to the non-targeting shRNA-transfected cells.


After verifying the specific KD of AP2M1 in PK15 cells, successfully KD samples were infected with PRV-XGF-N to study whether the lack of the μ subunit of AP-2 affects the entry of this virus. As it was shown above, A6 was the sample showing the lowest expression of AP-2, followed by B3 and finally C1. Flow cytometry analysis (Figure 4A) reported that GFP corresponding to viral infection decreased the most in A6 cells, followed by B3 and C1, the latter reaching the same infection levels as non-target cells. These results were corroborated by immunoblot (Figure 4B), and fluorescence microscopy (Figure 4C). The expression of IE180 at short times after infection was also performed (Figure 4B), following the same pattern of expression as GFP at 24 h p.i.. Furthermore, the decrease in infection rates tended to follow a directly proportional relation with the expression of AP2M1; the lower the AP2M1 expression, the lower the viral infection rate. This experiment was also performed with PRV wild-type strain NIA-3, following the same methodology as with PRV-XGF-N (Supplementary Figure 3), to ensure that the recombinant strain used during all experiments behaved the same way than the wild-type one. According to the results, AP2M1 knockdown reduces PRV-XGF-N endocytosis into PK15 cells.
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FIGURE 4
The knockdown of AP2M1 in PK15 cells reduces PRV infection. KD PK15 cells A6, B3, and C1, and non-target cells were subjected to infection with PRV-XGF-N at an m.o.i of 0.5 (collected at 24 h p.i.) or moi 5 (collected at 4 h p.i.). After the corresponding time, samples were processed for the following experiments. (A) Flow cytometry analysis show the mean of the percentage of normalized infection 24 h p.i. (%GFP+ cells) ± S.D. (n = 4). Plots represent the histograms of GFP-positive (+) and GFP-negative (-) cells; *p < 0.05. (B) Western blot analysis of total cell lysates subjected to SDS-PAGE showing viral GFP or IE180 for each condition. β-actin was chosen as protein loading control. Values of immunoblot quantification are reported as the mean ± S.D. (n = 3); *p < 0.05. (C) Fluorescence microscopy images show GFP+ signal corresponding to viral infection 24 h p.i.




3.4 Visualization of clathrin-coated vesicles and their interaction with PRV by transmission electron microscopy

Transmission electron microscopy (TEM) assays were performed to ultra-structurally analyze how PRV entered PK15 cells in a CME-dependent pathway. Fortunately, clathrin is naturally electrodense and can be directly seen without immunolabeling. TEM images revealed PRV-XGF-N virions internalized in CCVs (Figures 5A–C), directly being surrounded by clathrin anchored to the cell membrane (Figure 5D) or surrounded by clathrin (Figure 5E). Clathrin vesicles are characterized for showing its characteristic “bristle-like” pattern. Quantification of the number of virions internalized through CME was also assessed (Figure 5F), revealing that in all samples treated with CME-blocking drugs, the number of internalized virions was lower, and from those that managed to enter the cell, no viruses were detected using CCVs to enter. These results in concordance with the above strongly suggest that CME is clearly involved in the entry of PRV in PK15 cell line.


[image: image]

FIGURE 5
Transmission electron microscopy analysis of PRV-XGF-N virions inside clathrin vesicles in PK15 cells. Cells were infected with PRV-XGF-N at an m.o.i of 30 for 1 h at 4°C. Then they were maintained for 20 min at 37°C and processed for TEM. Arrows point to in (A–C) PRV-XGF-N virions inside clathrin vesicles, (D) virion entering a forming clathrin vesicle anchored in the cell membrane, and (E) overview of PRV-XGF-N surrounded by clathrin. (F) Quantification of the number of internalized virions per cell (n = 20 cells analyzed) in cells non-treated or treated with 100 μM dynasore, 20 μM chlorpromazine or 50 μM pitstop 2 for 1 h before infection, and during the 20 min of infection. The graph shows the number of virions inside the cell and from those, the virions entering via CME or internalized into CCVs.





4 Discussion

Based on the available evidence, PRV can enter different cell types by using distinct mechanisms. Previous studies have reported non-endocytic pathways for PRV entry in RK13 cells (Granzow et al., 2005) and CHO cell lines (Nixdorf et al., 1999), and fusion under low pH conditions in PK15, Vero, MDBK and SK-N-SH cell lines (Miller et al., 2019). In addition, hypertonic treatment in PK15 infected cells (to inhibit viral entry via endocytosis in a general way) revealed a decrease in PRV infectivity, suggesting that this virus might use endocytic-related pathways to enter this cell line (Miller et al., 2019). Another recent study in which researchers inhibit CME with an inhibitor of Niemann-Pick C2 (NPC1) results in defects in CCP dynamics, which acutely interfere with Tf endocytosis, and PRV entry (Li et al., 2022). Nevertheless, no further research on whether PRV uses CME to enter PK15 cells has been done to date.

Depletion of essential proteins that mediate CME derive into indirect effects on cellular function and/or morphogenesis (Dutta et al., 2012). For this reason, selective inhibitory drugs have been used in this study, as a first pharmacological approach, revealing a decrease in the infection with PRV-XGF-N when blocking CME. On the one hand, dynasore is a reversible inhibitor of the GTPase activity of dynamin, preventing the fission of CCPs (Kirchhausen et al., 2008), and pitstop 2 prevents the interaction between CHC and adaptor proteins related with formation of CCPs (Bayati et al., 2021). Nonetheless, the pleiotropic and off-target effects of these drugs have been described, as dynasore also presents dynamin-independent effects such us the disruption of lipid rafts, and pitstop 2 was reported to have additional cellular targets besides CHC (Macia et al., 2006; Dutta et al., 2012; Preta et al., 2015). On the other hand, chlorpromazine specifically inhibits CME by dissociating clathrin networks in the inner leaflet of the plasma membrane during CCPs formation (Vercauteren et al., 2010). To validate the endocytosis assay performed with these drugs, we monitored the entry of dextran sulfate, a compound that is internalized by a clathrin-independent route. As a result, at the concentrations and cell system used here, while all CME inhibitory drugs altered Tf uptake, there were no differences in dextran uptake.

To confirm the results obtained in the experiments performed in the presence of the drugs, silencing of the μ subunit of AP-2 (AP2M1) with shRNAs was additionally performed. AP-2 is the second most abundant component of clathrin vesicles. This adaptor plays an important role in the maturation of CCPs so, when it is not present, the clathrin is not recruited and mature vesicles do not form (McMahon and Boucrot, 2011). AP-2 is an heterotetramer formed by four subunits (α, β, σ, and μ) and the phosphorylation of μ subunit by the kinase enzyme AP-2 associated protein kinase 1 (AAK1) stimulates clathrin and supports the cell surface receptor incorporation (Robinson, 2015; Tongmuang et al., 2020). As no chemical inhibitors of the whole AP-2 adaptor are commercially available, we used shRNA-based KD of the subunit μ, achieving approximately 90% depletion. AP-2 is structured into two heterodimers α/σ and ß/μ, so the lack of μ inhibits the assembly of heterodimer ß/μ and then leads to degradation of the ß subunit. As not enough ß/μ heterodimer is available, the full assembly is stopped and degradation of the other dimer α/σ is induced (Tobys et al., 2021). Several studies report that AP-2 complex acts, through its μ subunit, as a physical linker between clathrin triskelions and internalization sequences in receptors on the cell membrane in the first step of CCVs formation (Van Minnebruggen et al., 2004), so the absence of μ disrupts this process. A previous study also revealed the colocalization of glycoprotein gB (glycoprotein that contains internalization motifs) of PRV with AP-2 complex, demonstrating that during the early steps of the infection, PRV glycoprotein colocalize with clathrin triskelions (Van Minnebruggen et al., 2004).

In addition, no observable differences in shape or size between PK15 and AP2M1-KD were noticed, so cells might use CIE routes to maintain a normal surface/volume ratio. It must be considered that internalization through CME represents a major, albeit not exclusive pathway of entry into cells, as CIE pathways remain active to maintain internalization. That explains that PRV-XGF-N internalization is not completely stopped when blocking CME, taking into account that this pathway is not 100% blocked. In addition, several studies have postulated that clathrin not only plays an important role in the entry of numerous viruses into the host cell, but may also be involved, together with the protein dynamin, in endomembrane vesicular transport and envelope protein delivery to assembly sites, especially in the case of HSV-1 (Albecka et al., 2016). To make sure that in our experiments the decrease of infection when CME is inhibited is only due to blocked entry, infection experiments at short times were performed, evaluating the expression of IE180. Stopping the infection at such short times in experiments from the Figures 2, 4, 5 ensures that the virus has just entered and is performing its first infection cycle; therefore, it has not yet reached the assembly phase where clathrin possibly also plays a transporter role, although potentially to a lesser extent than during entry.

For best visualization of PRV-XGF-N using CME to enter PK15 cells, TEM was chosen as it currently is the unique imaging technique that allows direct visualization of viral particles at a nanometer-scale resolution (Roingeard et al., 2019). The images show virions internalized as cargo in CCVs, and virions surrounded by clathrin, as expected because viruses can produce signals for clathrin recruitment when internalization (Praena et al., 2020). It should be noted that the recombinant PRV-XGF-N strain used in the study lacks the gene encoding the gG glycoprotein. However, this is not of concern for clathrin entry studies, since gG is not essential for virulence and is not part of the virion structure, as it is secreted into the medium by the infected cells (Viejo-Borbolla et al., 2010). Having a GFP-expressing PRV strain that mimics the entry of wild-type PRV certainly speeds up and facilitates experimental work.

Understanding the mechanisms of PRV viral entry into host cells is crucial to contribute to the design of antiviral drugs or strategies that target this early step of infection. Various studies are already proposing antiviral agents against PRV which act early in its viral cycle, such as valpromide (Andreu et al., 2021), valnoctamide (Praena et al., 2019), U18666A (Li et al., 2022), or quercetin (Sun et al., 2021).

Together, our data enrich previous information about PRV viral cycle, focusing on the characterization of viral entry by using CME. We suggest that clathrin plays a relevant role in the endocytic entry of PRV-XGF-N into PK15 swine cell line, as demonstrated in AP2M1-KD cells and in the treatment with CME-inhibitory drugs. Both approaches led to a decrease in PRV-XGF-N infection. Further research not only in vitro but in models closer to the clinic is needed to unravel the intracellular trafficking route and the degree of involvement of clathrin and AP-2 in the route of entry of PRV.
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PRRSV-2 viral load in critical non-lymphoid tissues is associated with late gestation fetal compromise
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The impact of late gestation PRRSV-2 infection is highly variable within a litter, with a subset of fetuses displaying varying degrees of compromise following infection while others remain viable despite significant systemic viral load. To understand the underlying cause of this variation, we examined the susceptibility, distribution and impact of viral infection within non-lymphoid tissues. Samples of brain, heart, kidney, liver, lung, and skeletal muscle were obtained from fetuses of pregnant gilts at gestation day 86, and the presence and distribution of CD163+ cells within each tissue evaluated via immunohistofluorescence. Equivalent samples were collected from phenotypic extremes representing resistant, resilient and susceptible fetuses at 21 days following infection of pregnant gilts with PRRSV-2 at day 86 of gestation. Viral load and its impact in each tissue was evaluated by a combination of qPCR, in vitro viral recovery, and local expression of IFNG and CD163. Resting populations of CD163+ cells were observed in all six non-lymphoid tissues from healthy day 86 fetuses, though the apparent density and the morphology of positive cells varied between tissue. Viral RNA was detected in all six tissues derived from fetuses previously classified as highly infected, and infectious viral particles successfully recovered. Significantly more viral RNA was detected in heart, brain, lung and skeletal muscle of susceptible fetuses, relative to their viable counterparts. Infection was associated with an increase in the expression of CD163 in brain, kidney and lung. In addition, the presence of virus in each tissue coincided with a significant upregulation in the expression of IFNG, but the scale of this response was not associated with fetal susceptibility. Thus, PRRSV-2 is widely distributed across these susceptible non-lymphoid fetal tissues, and fetal outcome is associated with local viral load in critical fetal organs.
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1 Introduction

Porcine reproductive and respiratory syndrome virus (PRRSV) is a highly transmissible, single-stranded RNA virus, originally associated with its reproductive consequences in the early 1990’s (Terpstra et al., 1991). Though initially detected in specific geographic regions, the virus now has near global distribution, with endemic and emerging strains found in nearly every major pork producing country. Within the American swine herd, PRRSV was last estimated to cause annual losses in excess of $660 million, 45% of which is incurred by the breeding herd (Holtkamp et al., 2013). Unlike postnatally infected pigs which experience respiratory symptoms and reduced growth performance (Van Reeth et al., 2001; Pasternak et al., 2021), most strains cause limited respiratory symptoms in the infected dams (Ladinig et al., 2015). Thus, the primary economic impact of PRRSV within the breeding herd results from reproductive consequences including an increase in stillbirths, in utero death, and abortions. The fetal outcomes following maternal PRRSV infection vary substantially within a litter, with the most susceptible population found dead or autolyzed in utero (Benson et al., 2002). An additional portion of the live fetal population is found meconium stained, which is recognized as an initial marker of severe fetal stress and is the first indicator of fetal compromise (Harding et al., 2017). Those pigs that do survive to term are born weak, often congenitally infected and more susceptible to other pathogens (Feng et al., 2001).

PRRSV is able to cross the late gestation porcine placenta, via an as yet unidentified mechanism, and thereby productively infect a subset of fetuses (Kranker et al., 1998). A pair of early studies surveyed viral load across a range of fetal tissues including heart, liver, lung, spleen, tonsils, thymus and umbilical cord, following late gestation maternal challenge (Benson et al., 2002; Rowland, 2010). Virus was, at minimum, sporadically detected in all these tissues, however, the relative frequency of viral recovery led to the conclusion that the fetal thymus was the primary site of viral infection (Rowland, 2010). Since this seminal finding, thymic viral load has been used in conjunction with serum and placenta to categorize infection status in studies designed to elucidate the physiological impact and mechanism of fetal compromise. Serial studies following infection at a fixed time point have shown an orderly progression of infection beginning with the placenta, followed by fetal serum, and then finally the fetal thymus (Malgarin et al., 2019). However, subsequent studies demonstrated that a fetal immune response is only initiated after significant virus has accumulated within the thymus (Van Goor et al., 2020). It was initially hypothesized that the fetal immune response may represent a double-edged sword, combating viral progression, while at the same time compromising fetal development and survival (Rowland, 2010). However, there is limited evidence that the scale of this inflammatory cytokine response plays a role in fetal compromise (Pasternak et al., 2020a). PRRSV infection has also been associated with alteration in the structure and physiology of the maternal fetal interface, however, it is not known whether such effects are the cause or consequence of fetal death (Barrera-Zarate et al., 2022; Guidoni et al., 2022). Thus, the fundamental mechanism by which transplacental infection results in fetal compromise has yet to be identified, potentially hampering the development of beneficial treatments.

To better understand viral load as it relates to fetal compromise, we first evaluated PRRSV susceptibility of late gestation fetal tissues by assessing the presence of cells expressing the virus’s obligate receptor CD163. We then quantified PRRSV viral RNA in tissues from fetuses classified using an established model of phenotypic extremes in serum and thymic viral load and verified the presence of infectious particles using in vitro culture. Finally, we evaluated the impact of viral infection on the local immune response by quantifying IFNG and CD163 expression.



2 Materials and methods


2.1 Fetal tissues

For assessment of healthy fetal tissues, three Landrace x Large White gilts were selected and housed at the Animal Sciences Research and Education Center (ASREC) at Purdue University in compliance with Institutional Animal Care and Use Committee regulations and approved by the Purdue Animal Care and Use Committee (Protocol #2103002122). The gilts were estrus synchronized using oral progestogen [15 mg/day Altrenogest] and bred via artificial insemination at the first standing estrus post withdraw, and every 24 h after until the end of standing estrus. Pregnancy was verified by ultrasound between days 25 and 30 and gestation and allowed to progress until day 86 relative to the first insemination. Gilts were stunned with a penetrating captive bolt followed by rapid exsanguination to allow for sampling of fetal tissues including the brain (BRN), heart (HRT), liver (LVR), lung (LNG), kidney (KID), and longissimus dorsi muscle (MUS) from healthy viable fetuses. To investigate the distribution of virus in fetal tissues, archived samples were selected from a previously described PRRSV challenge trial (Ko et al., 2022), carried out in strict accordance with the guidelines of the Canadian Council of Animal Care and with approval of the University of Saskatchewan’s Animal Research Ethics Board (Protocol #20180071). In short, N = 22 pregnant gilts (Fast Genetics, Spiritwood, Canada) were inoculated with 1×105 TCID50 PRRSV species 2 (PRRSV-2) strain NVSL 97-7895 on gestation day 86, delivered via a combination of intramuscular injection and intranasal atomization. An additional N = 5 gilts were sham inoculated to produce gestationally age matched controls (CON). At 21 days post inoculation (DPI), all animals were humanely euthanized by cranial captive bolt and intravenous barbiturate overdose. The gravid uterus was extracted and the fetal preservation (viable, meconium stained, dead, autolyzed and mummified) and phenotypes, including body weight and crown rump length, assessed as previously described (Ko et al., 2022). Tissue samples were then collected from all fetuses with visible pulsations within the umbilical cord (fetal preservation of viable or meconium stained). Developmentally normal fetuses were further subdivided by degree of fetal preservation, based on the presence and severity of meconium staining. In the absence of meconium staining, fetuses were classified as viable (VIA), while those exhibiting severe meconium staining (head and body) were classified as non-viable (MEC). Fetuses were rapidly exsanguinated post-mortem by severing the axillary artery, and blood samples collected for the isolation of serum. Fetal tissues including the BRN, HRT, LVR, LNG, KID and MUS, along with a combination of cervical and thoracic thymus, were collected from each fetus and individually snap frozen in liquid nitrogen. All samples were stored at-80°C for later analysis. Viral load in fetal serum and thymus was quantified by qPCR as previously described (Malgarin et al., 2021) and used in combination with meconium staining status to identify fetuses in three biologically extreme groups (Table 1). Viable fetuses with no detectable viral load in either serum or thymus were classified as uninfected (UNIF). Fetuses with >5 log10 of virus in serum and thymus were considered highly infected, and further subdivided into high viral load viable (HV-VIA), or high viral load meconium stained (HV-MEC). A fourth control group (CON) of viable fetuses was selected from sham inoculated and gestationally age matched gilts. From each of these groups, N = 10 fetuses with the lowest z-scores for serum T4 were selected as previously described, such that no significant differences in other phenotypic parameters such as fetal weight or crown rump length existed between groups (Mulligan et al., 2022).



TABLE 1 Phenotypes of fetal groups representing biological extremes in resistance in response to maternal PRRSV infection.
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2.2 Immunohistofluorescence

Samples of BRN, HRT, LVR, LNG, KID, and MUS from healthy fetuses, derived from unchallenged gilts at day 86 of gestation were suspended in optimal cutting temperature media (OCT) and frozen on the surface of a dry ice block. Sequential 10 μm thick cross-sections of each tissue were cut on a Leica CM1950 cryotome at −20°C, affixed to Superfrost Plus slides (Thermo Fisher Scientific, Waltham, MA, United States) and air-dried for 30 min at room temperature. Slides were rehydrated in phosphate buffered saline (PBS) before fixing in ice-cold acetone for 10 min. Tissue sections were blocked against non-specific binding for 2 h with 0.1% w/v BSA and 10% horse serum in PBS. Sections were then incubated over night at 4°C with 10 μg/mL mouse anti-bovine CD163 [Clone LND68A, Washington State Monoclonal Antibody Center], previously shown to cross-react with both isoforms of the porcine target (Pasternak et al., 2019), or the equivalent concentration of mouse IgG1 isotype control. Sections were then washed three times in PBS before incubating with 1 μg/mL Alexa Fluor 555 conjugated F(ab’)2-goat anti-mouse IgG, secondary antibody for 2 h at room temperature. Slides were again washed three times before counter staining with 0.5 μg/mL DAPI in methanol for 10 min at room temperature and cover slipping with Mowiol. Fluorescent evaluation and imaging were carried out in triplicate using an Echo Revolution microscope equipped with 10× and 20× objectives.



2.3 Viral load and host gene expression in non-lymphoid tissues

Samples of BRN, HRT, LVR, LNG, KID and MUS from each selected fetus were cryogenically homogenized using a pre-chilled mortar and pestle. Trizol (Thermofisher, Waltham, MA, United States) was then used to extract total RNA from a subsample of each tissue homogenate using a double precipitation protocol (Oliver et al., 2011). DNA contamination was removed using the Turbo DNA-free Kit (Invitrogen) as per the manufacturer’s instructions, but with the addition of 5 U of RNase Inhibitor (ThermoFisher). Concentration and purity of the RNA was assessed using a Nanodrop ND-1000 spectrophotometer (ThermoFisher), and integrity was evaluated using denaturing gel electrophoresis (Kent-Dennis et al., 2019). Reverse transcription with 2 μg total RNA was carried out using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, United States). Absolute quantification of PRRSV-2 was carried out using virus specific primers (5′-TAATGGG CTGGCATTCCT-3′ and 5′-ACACGGTCGCCCTAATTG-3′) and a corresponding Taqman probe (5′-FAM-TGTGGTGAATG GCACTGATTG-BHQ-3′), with a seven-point standard curve starting at 107 copies/μL of the target amplicon cloned into TOPO vector (Invitrogen, Carlsbad, CA, United States). Host gene expression was measured using previously validated gene specific primers (Table 2). All qPCR assays were carried out in duplicate using 20 ng cDNA per reaction on a CFX Connect Real-Time System (Bio-Rad) using SsoAdvanced Universal SYBR Green SuperMix (Bio-Rad). Absolute quantification for viral load is expressed in the form of copy number (CN) per 20 ng equivalent cDNA as previously established (Ison et al., 2022). For relative quantification, the stability of eight housekeeping genes was evaluated, and the geometric mean of two or three stable genes in each tissue was used to normalize expression of each gene of interest, and fold change was then calculated relative to the mean expression in the control group using the 2−ΔΔCT method.



TABLE 2 Porcine specific qPCR primer sequences.
[image: Table2]



2.4 Viral recovery from tissue

MARC-145 cells were cultured in high glucose minimal essential media supplemented with 10% fetal bovine serum, 100 units/mL of penicillin, 100 μg/mL of streptomycin, and 0.225 μg/mL of amphotericin B. Where sufficient sample of fetal tissue were available, 70–100 mg aliquots, previously ground to a fine powder under liquid nitrogen, were mixed with culture media at a ratio of 1 mg/mL. Zirconia beads (1 mm, biospec) were added, and the mixture further homogenized for two 1 min periods at 60 Hz. The mixture was then centrifuged at 10,000 × g for 10 min and the resulting lysate collected. MARC-145 cells in 96 well plates were inoculated in triplicate with 100 μL of tissue lysate and cultured for 72 h at 37°C and 5% CO2. Media was aspirated and the cells washed twice with PBS, followed by subsequent fixation with 80% acetone for 10 min. The acetone was then removed and the plates dried for 1 h at room temperature. Cells were then blocked with 1% BSA in PBS, before incubating with a 1:1000 dilution of mouse anti-PRRSV antibody (SDOW-17, RTI, Brookings, SD) for 30 min at 37°C. Cells were then washed twice with PBS before incubating with 2 μg/mL Alexa488 conjugated goat anti mouse IgG1 (A-21121, Thermofisher scientific) for 15 min at room temperature. Monolayers were then washed twice with PBS and counter stained with 1 μg/mL DAPI for 5 min at room temperature, washed with PBS, and then examined for PRRSV infection on an inverted fluorescent scope. Virus was deemed recovered from a given sample if positive PRRSV staining was observed in one or more wells.



2.5 Data analysis

All data processing and statistical analyses were performed in R 4.2.3 (R Core Team, 2019). Viral load and host tissue gene expression data were assessed for normality using a combination of graphical assessment and Shapiro-Wilks test and found to be non-normal. Data was subsequently evaluated within tissue using a non-parametric approach consisting of Kruskal-Wallis followed by a pairwise Wilcox test with Benjamini-Hochberg correction for multiple group testing. Numerical data was visualized using the ggplot2 package (Wickham, 2016) with statistically significant differences (p < 0.05), where present, marked with unique superscripts.




3 Results


3.1 CD163 in late gestation fetal tissues

To determine the capacity for PRRSV-2 infection in late gestation non-lymphoid fetal tissues, we assessed the availability of the obligate receptor, CD163, by immunohistoflourescence and carried out a qualitative assessment of morphology and distribution. Positive staining for CD163 was observed on the surface of cells in all six non-lymphoid tissues from healthy day 86 fetuses, though the relative density, morphology and spatial localization of positive cells varied between tissue (Figure 1). In the brain, staining for CD163 found positive cells to be spatially restricted to the pia matter (outer most surface of the BRN sections evaluated). In the HRT, clusters of positive cells were observed throughout the ventricular myocardium and epicardium. Positive cells were observed throughout the KID but appeared to be enriched within the collecting ducts and renal capsule relative to the cortex. In the LNG, positive staining was observed within the interstitial compartment and alveolar spaces. In the LVR, positive CD163 staining of small cells were found to be evenly distributed throughout the hepatic lobule. Positive staining of satellite cells, closely associated with the surface of muscle fibers were observed throughout the cross section of MUS.
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FIGURE 1
 Representative florescent images of CD163+ cell staining in frozen sections of non-lymphoid fetal tissues collected at day 86 of gestation, including brain (A), heart including epicardium (B), and myocardium (C), kidney including cortex (D), collecting duct (E), and capsule (F), lung (G), liver (H) and loin muscle (I). Sections were stained with antibodies against anti-CD163 (Red), with DAPI (blue) and wheat germ agglutinin (Green) as a counter stains.




3.2 Viral load in non-lymphoid tissues

To evaluate the broader distribution of PRRSV-2 RNA, we initially assessed viral load in six non-lymphoid tissues including BRN, HRT, KID, LNG, LVR and MUS (Figure 2) in fetuses from PRRSV-2 infected gilts. No significant viral load was observed in any of the six tissues in fetuses previously categorized at UNIF based on prior assessment of serum and thymus. In contrast, significant quantities of viral RNA were detected in all six tissues derived from high infected fetuses. Overall, the median viral load for HV fetuses was greatest in the HRT. The highest viral load in non-lymphoid tissues was also detected in the HRT (x̃ = 26,734 CN/20 ng cDNA), and significantly greater (p = 0.021) virus concentration was found in HRT tissue from HV-MEC (x̃ = 42,798 CN/20 ng cDNA) relative to HV-VIA (x̃ = 13,233 CN/20 ng cDNA). A similar median viral load was detected in KID and LNG from HV fetuses (x̃ = 7,445 and x̃ = 7,779 CN/20 ng cDNA respectively). While a significant difference (p = 0.037) was identified in the LNG of HV-VIA (x̃ = 6,207 CN/20 ng cDNA) compared to HV-MEC (x̃ = 36,534 CN/20 ng cDNA), no significant difference (p = 0.41) between HV-VIA (x̃ = 6,426 CN/20 ng cDNA) and HV-MEC (x̃ = 18,444 CN/20 ng cDNA) was observed in KID. Equivalent median viral loads were also observed in BRN and LVR (x̃ = 1,774 and x̃ = 1,900 CN/20 ng cDNA respectively). Viral load was significantly (p = 0.045) greater in BRN tissues from HV-MEC (x̃ = 6,486 CN/20 ng cDNA) than HV-VIA (x̃ = 743 CN/20 ng cDNA), but equivalent in LVR of HV-VIA (x̃ = 950 CN/20 ng cDNA) and HV-MEC (x̃ = 3,658 CN/20 ng cDNA) fetuses. The lowest viral load in tissues from HV fetuses was detected in MUS (x̃ = 548 CN/20 ng cDNA), with significantly (p = 0.02) greater virus observed in MUS from HV-MEC (x̃ = 1,704 CN/20 ng cDNA) relative to HV-VIA (x̃ = 256 CN/20 ng cDNA) fetuses.
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FIGURE 2
 Viral RNA, as measured by PRRSV-2 strain specific absolute quantification qPCR, in fetal brain (BRN), heart (HRT), kidney (KID), lung (LNG), liver (LVR) and skeletal muscle (MUS) in fetuses uninfected (UNIF), high viral load viable (HV-VIA) and high viral load meconium stained (HV-MEC), 21 days after maternal PRRSV2 challenge, along with equivalent tissues from control (CON) fetuses derived from gestationally age matched and sham inoculated dams. Viral load is expressed as copy number (CN) per 20 ng equivalent cDNA, with unique superscripts indicating statistically significant differences (p < 0.05).




3.3 Viral recovery

To confirm the presence of infectious viral particles, we inoculated MARC-145 cells with fetal tissue lysates and evaluated viral recovery via immunofluorescent staining with a PRRSV specific monoclonal antibody (Table 3). No virus was recovered from lysates prepared from any of the six tissues isolated from control fetuses. In contrast, virus was successfully recovered in over 90% in HRT, LNG and MUS samples originating from highly infected (HV-VIA & HV-MEC) fetuses. Overall viral recovery rates were lower in KID, LVR and BRN, at 70, 42 and 30%, respectively. No significant difference in the recovery rate was observed between HV-VIA and HV-MEC fetuses for any of the tissues evaluated.



TABLE 3 Rate of viral recovery using cell lysates from 6 non-lymphoid tissues derived from high viral load viable (HV-VIA) and meconium stained (HV-MEC) fetuses.
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3.4 Impact of local infection

To determine if viral infection status impacts the local population of susceptible cells, we evaluated the gene expression of CD163 across six non-lymphoid fetal tissues from PRRSV infected gilts (Figure 3). Median expression of CD163 was significantly increased by 2.3 fold in the BRN (p < 0.001), 2.7 fold in the LNG (p = 0.005) and 2.2 fold in the KID (p = 0.19) of HV-MEC fetuses relative to UNIF. Increased expression of CD163 in MUS from HV-MEC fetuses showed a trend toward significance (p = 0.052) relative to both CON and UNIF groups. In contrast, gene expression of CD163 in the LVR of HV-VIA fetuses was decreased by 15 fold relative to CON (p = 0.002). No significant change in CD163 was observed in the HRT. Finally, to understand the local inflammatory response following infection of non-lymphoid tissues, we evaluated gene expression of IFNG (Figure 4). No significant difference in IFNG expression was observed any of the six tissues from UNIF fetuses relative to CON. Expression was significantly increased relative to CON in all six tissues from HV-VIA and HV-MEC fetuses, but no significant difference between these two highly infected groups was observed. The largest increases in median IFNG gene expression among highly infected fetuses were found in the HRT (x̃ = 18.1 fold), KID (x̃ = 15.0 fold), LNG (x̃ = 27.9 fold) and LVR (x̃ = 19.2 fold), while upregulation in the MUS (x̃ = 10.2 fold) and BRN (x̃ = 6.6 fold) were comparatively lower.
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FIGURE 3
 Expression of cluster of differentiation marker 163 (CD163) as measured by qPCR in fetal brain (BRN), heart (HRT), kidney (KID), lung (LNG), liver (LVR) and skeletal muscle (MUS) in fetuses uninfected (UNIF), high viral load viable (HV-VIA) and high viral load meconium stained (HV-MEC), 21 days after maternal PRRSV2 challenge, along with equivalent tissues from control (CON) fetuses derived from gestationally age matched and sham inoculated dams. Fold changes are calculated within tissue relative to the average expression of in the control group with unique superscripts indicating statistically significant differences (p < 0.05).


[image: Figure 4]

FIGURE 4
 Expression of interferon gamma (IFNG) as measured by qPCR in fetal brain (BRN), heart (HRT), kidney (KID), lung (LNG), liver (LVR) and skeletal muscle (MUS) in fetuses uninfected (UNIF), high viral load viable (HV-VIA) and high viral load meconium stained (HV-MEC), 21 days after maternal PRRSV2 challenge, along with equivalent tissues from control (CON) fetuses derived from gestationally age matched and sham inoculated dams. Fold changes are calculated within tissue relative to the average expression of in the control group with unique superscripts indicating statistically significant differences (p < 0.05).





4 Discussion

PRRSV is capable of crossing the late gestation porcine placenta and productively infecting the fetus. Unlike postnatal animals, where the primary site of infection is the lung, the thymus has historically been recognized as the primary site of viral replication in the fetus (Rowland, 2010). Assessment of viral load in additional samples including blood and placenta have been used in conjunction with thymus to categorize fetal infection status and evaluate progressive severity in infection (Van Goor et al., 2020). While such studies have evaluated the physiological impact of fetal systems logically associated with viability such as immune regulation (Pasternak et al., 2020b), cardiovascular stress (Pasternak et al., 2020a; Malgarin et al., 2021), and placental function (Guidoni et al., 2021; Barrera-Zarate et al., 2022), no definitive explanation for virus-induced fetal compromise has been identified. However, a number of studies have found evidence to suggest infection of other fetal organs does occur (Cheon and Chae, 2000; Cheon and Chae, 2001; Rowland, 2010), although sporadically within the larger fetal population. Thus, the objective of the present study was to evaluate the capacity for PRRSV infection in non-lymphoid organs, their response to infection and the association with fetal viability.

Cellular infection by PRRSV is dependent on the presence of its obligate receptor CD163 (Van Gorp et al., 2008), which under normal circumstances functions in the clearance of hemoglobin (Kristiansen et al., 2001). This cell surface protein is primarily found on monocytes, macrophages (Buechler et al., 2000) and specific subsets of dendritic cells (Maniecki et al., 2006). The majority of postnatal tissues contain a resident population of macrophages which are established during early embryonic development, though the equivalent population in a subset of tissues is known to be generated postnatally from blood derived macrophages (Davies et al., 2020). Regardless of their source, most subpopulations of mature tissue macrophages express the hemoglobin-haptoglobin scavenger CD163 (Fabriek et al., 2005). Previous work in fetal pigs has demonstrated the presence of hepatic, splenic and pulmonary CD163 positive cells throughout gestation (Karniychuk and Nauwynck, 2009), but the presence of such cells in other fetal tissues has not been previously established. Using a similar Immunohistofluorescence approach, we have demonstrated the presence of CD163 positive cells in four additional fetal organs including HRT, KID, BRN and MUS at day 86 of gestation, indicating widespread capacity for PRRSV infection across non-lymphoid tissues.

Interestingly, the apparent abundance, spatial distribution and morphology of CD163 cells varied substantially between tissues. In the LVR, CD163 staining was associated with relatively small cells with even distribution throughout the tissue, which would be consistent with Kupffer cells. As with previous reports in both humans (Naito et al., 1997) and swine (Karniychuk and Nauwynck, 2009), a large number of such cells were observed evenly distributed throughout the fetal LVR. Also consistent with previous reports (Karniychuk and Nauwynck, 2009), the abundance of cells positively stained for CD163 was comparatively low in pulmonary tissues. Macrophages are the most abundant immune cell within the heart, a population which is established during early embryonic development by yolk sac derived progenitors (Epelman et al., 2014). It is thus unsurprising that a substantial population of CD163 positive staining was observed in cardiac tissue from the late gestation fetal pig, where it was associated with relatively large cells within the tissue of the ventricle. Cells with similar morphology were found throughout the fetal pig KID, though a substantial enrichment was observed in remnants of the renal capsule. Staining in the skeletal muscle was associated with small cells on the surface of muscle fibers, consistent with muscle resident macrophages known to express high levels of CD163 and originate from both embryonic yolk sac and liver, as well as postnatally from blood monocytes (Wang et al., 2020). In the brain, positive staining for CD163 was largely restricted to the pia mater, which is known to contain border associated macrophages (Taketomi and Tsuruta, 2023). The apparent lack of staining in the neural parenchyma is consistent with prior observations which show an absence of macrophages in the cerebrum and cerebellum during late gestation (Matsumoto and Ikuta, 1985).

Given these resting populations of PRRSV susceptible resident cells during late gestation, it is perhaps unsurprising that viral RNA was detected in samples of all six non-lymphoid tissues from fetuses previously classified as high viral load based on serum and thymus alone. The presence of infectious viral particles in these tissues is further supported by high success rates for in vitro recovery from the corresponding tissue lysates. Comparatively high viral load in the HRT relative to the LNG is consistent with prior work by other labs investigating late gestation fetal infection (Rowland, 2010). By definition, serum from HV-VIA and HV-MEC fetuses contained greater than 105 copies of viral RNA per μl, and thus the contribution of virus from circulation to the present observations in tissues cannot be ruled out. Fetuses in the present trial were exsanguinated via the axillary artery, and while the efficacy of this approach in reducing blood volume in various fetal organs has not been established, when employed postnatally for the purpose of slaughter, total blood volume is only reduced by 40%–60%, but residual content in lean meat reduced to just 2–9 mL/kg (Warriss, 1984). In addition, studies investigating the presence of virus in stillborn PRRSV infected piglets using immunohistochemistry have shown positive viral staining in both cardiac and renal tissue (Cheon and Chae, 2000; Cheon and Chae, 2001).

More critically, while fetuses identified as HV-VIA and HV-MEC have equivalent viral load in serum and thymus (Table 1), the viral load measured by qPCR in BRN, HRT, LNG and MUS was significantly elevated in HV-MEC fetuses compared to HV-VIA. This result may indicate that increased infection of critical non-lymphoid organs may be a causative factor differentiating between resilient and susceptible fetuses. Elevated viral load in the heart is of specific interest with regards to explaining fetal compromise. In humans, in utero infection with viral pathogens such as rubella has been associated with altered cardiac developmental processes and structural defects (Singampalli et al., 2021). Elevated viral load in the brain is of similar interest, given prior observations with Zika virus, which has been show to infect the fetal brain (Retallack et al., 2016) and result in abnormalities including microcephaly and, in some cases, fetal death (Leisher et al., 2021).

In conjunction with infection, we observed elevated expression of CD163 in the BRN, KID and LNG of HV-MEC fetuses which could be explained by three distinct hypotheses. The first of which is transcriptional upregulation in the tissue resident macrophages, which occurs during the establishment of an activated phenotype (Etzerodt and Moestrup, 2013). Second is that tissue resident macrophages are able to re-enter the cell cycle despite being terminally differentiated (Kulle et al., 2022), so the apparent upregulation could indicate proliferation resulting in a proportional increase of CD163+ cells relative to other constituents. Finally, increased transcription of CD163 could be associated with recruitment of blood monocytes or macrophages from other tissues. As the liver is the original source from which other tissue resident macrophage pools are created (Hoeffel and Ginhoux, 2015), this latter hypothesis may be supported by the decrease in hepatic CD163. The fact that this change in hepatic expression occurs in the HV-VIA rather than HV-MEC may simply indicate an early stage in the migration process. The observed stability of cardiac CD163 expression across phenotypic groups, in conjunction with significant viral load in the highly infected fetuses, suggests that the population of susceptible cells was present prior to infection and is not the product of macrophage infiltration.

Even in the absence of standard clinical signs, maternal infection with PRRSV produces a robust immune response characterized by increases in circulating IFNα and IFNγ (Ladinig et al., 2015). Following vertical transmission, the fetus displays a similar increase in serum type 1 and 2 interferons (Pasternak et al., 2020b). This is largely consistent with the local immune responses within fetal lymphoid organs such as the spleen and thymus, where there is a robust upregulation in expression of IFNB, IFNG and an array of other cytokines and chemokines (Pasternak et al., 2020a,b). The observed increase in IFNG expression in the fetal brain and lung observed in the present study are consistent with prior work from other investigators (Rowland, 2010; Antonson et al., 2018). The present study is, however, the first to demonstrate a local immune response, in the form of upregulated IFNG, within cardiac, hepatic, renal and musculoskeletal tissues. Due to the timing of sample collection relative to maternal challenge, it is not possible to differentiate between IFNG produced by resident cells present in the tissues prior to infection and those with which may have infiltrated following infection, however, regardless of the cellular source, the increased IFNG expression following infection indicates a localized inflammatory response. The observed upregulation in IFNG within these six non-lymphoid tissues was entirely restricted to highly infected fetuses, further supporting local viral infection. Interestingly, there was no difference in immune response between HV-VIA and HV-MEC groups, indicating the local immune interferon response is not associated with loss of fetal viability.



5 Conclusion

Collectively, our results show that non-lymphoid fetal organs not only contain a population of PRRSV susceptible cells, but harbor infectious viral particles following vertical PRRSV transmission. Most critically, the concentration of viral RNA within fetal HRT, BRN, LNG and MUS was elevated in compromised, meconium-stained fetuses compared to infected viable fetuses. Both local infection and interferon expression were found to be coincident in all tissues, though the latter was not associated with loss of fetal viability. Further evaluation of the acute physiological effects of infection and inflammation in these non-lymphoid tissues will be critical in understanding the mechanism by which in utero PRRSV infection compromises fetal viability. In addition, fetal PRRSV infection may represent a high value biomedical model to study the long term developmental effects of in utero inflammation.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found at: https://github.com/JAlexPasternak/Fetal-_PRRSV_Distribution.



Ethics statement

The animal study was approved by Purdue University Institutional Animal Care and Use Committee and University of Saskatchewan’s Animal Research Ethics Board. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

KR: Investigation, Methodology, Validation, Writing – review & editing. DJ: Investigation, Methodology, Validation, Writing – review & editing. AS: Investigation, Methodology, Validation, Writing – review & editing. JH: Conceptualization, Funding acquisition, Methodology, Project administration, Writing – review & editing. JP: Conceptualization, Data curation, Formal Analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. Collection of healthy fetal samples was funded by Purdue University as part of AgSEED Crossroads funding to support Indiana’s Agriculture and Rural Development. Funding for the challenge experiments was provided by Genome Alberta through the A3GP program (Project ALGP47) with in-kind contributions and support from Fast Genetics.



Acknowledgments

The samples used in this experiment were derived from a large scale, multi-institutional challenge experiment conducted at the University of Saskatchewan in collaboration with Fast Genetics and funded by Genome Alberta. Additional assistance was provided Margaret Mulligan, Devon Anderson, Jocelyn Kleiman, Andrew Caldemeyer, and Leah Jenkins.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 Antonson, A. M., Balakrishnan, B., Radlowski, E. C., Petr, G., and Johnson, R. W. (2018). Altered hippocampal gene expression and morphology in fetal piglets following maternal respiratory viral infection. Dev. Neurosci. 40, 104–119. doi: 10.1159/000486850 

 Barrera-Zarate, J. A., Detmer, S. E., Pasternak, J. A., Hamonic, G., Mac Phee, D. J., and Harding, J. C. S. (2022). Effect of porcine reproductive and respiratory syndrome virus 2 on angiogenesis and cell proliferation at the maternal-fetal Interface. Vet. Pathol. 59, 940–949. doi: 10.1177/03009858221105053


 Benson, J. E., Yaeger, M. J., Christopher-Hennings, J., Lager, K., and Yoon, K.-J. (2002). A comparison of virus isolation, immunohistochemistry, fetal serology, and reverse-transcription polymerase chain reaction assay for the identification of porcine reproductive and respiratory syndrome virus Transplacental infection in the fetus. J. Vet. Diagn. Invest. 14, 8–14. doi: 10.1177/104063870201400103 

 Buechler, C., Ritter, M., Orsó, E., Langmann, T., Klucken, J., and Schmitz, G. (2000). Regulation of scavenger receptor CD163 expression in human monocytes and macrophages by pro-and Antiinflammatory stimuli. J. Leukoc. Biol. 67, 97–103. doi: 10.1002/jlb.67.1.97 

 Cheon, D. S., and Chae, C. (2000). Comparison of virus isolation, reverse transcription-polymerase chain reaction, immunohistochemistry, and in situ hybridization for the detection of porcine reproductive and respiratory syndrome virus from naturally aborted fetuses and stillborn piglets. J. Vet. Diagn. Invest. 12, 582–587. doi: 10.1177/104063870001200619 

 Cheon, D.-S., and Chae, C. (2001). Distribution of porcine reproductive and respiratory syndrome virus in stillborn and Liveborn piglets from experimentally infected sows. J. Comp. Pathol. 124, 231–237. doi: 10.1053/jcpa.2000.0457


 Davies, K. L., Camm, E. J., Atkinson, E. V., Lopez, T., Forhead, A. J., Murray, A. J., et al. (2020). Development and thyroid hormone dependence of skeletal muscle mitochondrial function towards birth. J. Physiol. 598, 2453–2468. doi: 10.1113/JP279194 

 Epelman, S., Lavine, K. J., Beaudin, A. E., Sojka, D. K., Carrero, J. A., Calderon, B., et al. (2014). Embryonic and adult-derived resident cardiac macrophages are maintained through distinct mechanisms at steady state and during inflammation. Immunity 40, 91–104. doi: 10.1016/j.immuni.2013.11.019 

 Etzerodt, A., and Moestrup, S. K. (2013). CD163 and inflammation: biological, diagnostic, and therapeutic aspects. Antioxid. Redox Signal. 18, 2352–2363. doi: 10.1089/ars.2012.4834 

 Fabriek, B. O., Dijkstra, C. D., and Van Den Berg, T. K. (2005). The macrophage scavenger receptor CD163. Immunobiology 210, 153–160. doi: 10.1016/j.imbio.2005.05.010


 Feng, W., Laster, S. M., Tompkins, M., Brown, T., Xu, J. S., Altier, C., et al. (2001). In utero infection by porcine reproductive and respiratory syndrome virus is sufficient to increase susceptibility of piglets to challenge by Streptococcus Suis type II. J. Virol. 75, 4889–4895. doi: 10.1128/JVI.75.10.4889-4895.2001 

 Guidoni, P. B., Alex Pasternak, J., Hamonic, G., Mac Phee, D. J., and Harding, J. C. S. (2022). Effect of porcine reproductive and respiratory syndrome virus 2 on tight junction gene expression at the maternal-fetal Interface. Theriogenology 184, 162–170. doi: 10.1016/j.theriogenology.2022.03.011 

 Guidoni, P. B., Pasternak, J. A., Hamonic, G., Mac Phee, D. J., and Harding, J. C. S. (2021). Decreased tight junction protein intensity in the placenta of porcine reproductive and respiratory syndrome Virus-2 infected fetuses. Placenta 112, 153–161. doi: 10.1016/j.placenta.2021.07.300 

 Harding, J. C. S., Ladinig, A., Novakovic, P., Detmer, S. E., Wilkinson, J. M., Yang, T., et al. (2017). Novel insights into host responses and reproductive pathophysiology of porcine reproductive and respiratory syndrome caused by PRRSV-2. Vet. Microbiol. 209, 114–123. doi: 10.1016/j.vetmic.2017.02.019 

 Hoeffel, G., and Ginhoux, F. (2015). Ontogeny of tissue-resident macrophages. Front. Immunol. 6:486. doi: 10.3389/fimmu.2015.00486 

 Holtkamp, D., Kliebenstein, J. B., Neumann, E. J., Zimmerman, J. J., Rotto, H. F., Yoder, T. K., et al. (2013). Assessment of the economic impact of porcine reproductive and respiratory syndrome virus on United States pork producers. J Swine Health Product 21, 72–84. doi: 10.2460/javma.2005.227.385


 Ison, E. K., Hopf-Jannasch, A. S., Harding, J. C. S., and Alex Pasternak, J. (2022). Effects of porcine reproductive and respiratory syndrome virus (PRRSV) on thyroid hormone metabolism in the late gestation fetus. Vet. Res. 53:74. doi: 10.1186/s13567-022-01092-3 

 Ison, E. K., Kent-Dennis, C. E., Fazioli, J., Mulligan, M. K., Pham, A., Alex, J., et al. (2023). Compensatory mechanisms in response to induced hypothyroidism in the late gestation pig fetus. Biol. Reprod. 108, 731–743. doi: 10.1093/biolre/ioad024 

 Karniychuk, U. U., and Nauwynck, H. J. (2009). Quantitative changes of Sialoadhesin and CD163 positive macrophages in the implantation sites and organs of porcine embryos/fetuses during gestation. Placenta 30, 497–500. doi: 10.1016/j.placenta.2009.03.016 

 Kent-Dennis, C., Pasternak, A., Plaizier, J. C., and Penner, G. B. (2019). Potential for a localized immune response by the ruminal epithelium in nonpregnant heifers following a short-term subacute ruminal acidosis challenge. J. Dairy Sci. 102, 7556–7569. doi: 10.3168/jds.2019-16294 

 Ko, H., Jourdyn Sammons, J., Pasternak, A., Hamonic, G., Starrak, G., MacPhee, D. J., et al. (2022). Phenotypic effect of a single nucleotide polymorphism on SSC7 on fetal outcomes in PRRSV-2 infected gilts. Livest. Sci. 255:104800. doi: 10.1016/j.livsci.2021.104800


 Kranker, S., Nielsen, J., Bille-Hansen, V., and Bøtner, A. (1998). Experimental inoculation of swine at various stages of gestation with a Danish isolate of porcine reproductive and respiratory syndrome virus (PRRSV). Vet. Microbiol. 61, 21–31. doi: 10.1016/s0378-1135(98)00176-x 

 Kristiansen, M., Graversen, J. H., Jacobsen, C., Sonne, O., Hans-Jürgen Hoffman, S. K., Law, A., et al. (2001). Identification of the Haemoglobin scavenger receptor. Nature 409, 198–201. doi: 10.1038/35051594 

 Kulle, A., Thanabalasuriar, A., Cohen, T. S., and Szydlowska, M. (2022). Resident macrophages of the lung and liver: the guardians of our tissues. Front. Immunol. 13:1029085. doi: 10.3389/fimmu.2022.1029085


 Ladinig, A., Detmer, S. E., Clarke, K., Ashley, C., Rowland, R. R. R., Lunney, J. K., et al. (2015). Pathogenicity of three type 2 porcine reproductive and respiratory syndrome virus strains in experimentally inoculated pregnant gilts. Virus Res. 203, 24–35. doi: 10.1016/j.virusres.2015.03.005 

 Leisher, S. H., Balalian, A. A., Reinebrant, H., Shiau, S., Flenady, V., Kuhn, L., et al. (2021). Systematic review: fetal death reporting and risk in Zika-affected pregnancies. Trop. Med. Int. Health 26, 133–145. doi: 10.1111/tmi.13522 

 Malgarin, C. M., Fiona Moser, J., Pasternak, A., Hamonic, G., Detmer, S. E., MacPhee, D. J., et al. (2021). Fetal hypoxia and apoptosis following maternal porcine reproductive and respiratory syndrome virus (PRRSV) infection. BMC Vet. Res. 17:182. doi: 10.1186/S12917-021-02883-0 

 Malgarin, C. M., Nosach, R., Novakovic, P., Suleman, M., Ladinig, A., Detmer, S. E., et al. (2019). Classification of fetal resilience to porcine reproductive and respiratory syndrome (PRRS) based on temporal viral load in late gestation maternal tissues and fetuses. Virus Res. 260, 151–162. doi: 10.1016/j.virusres.2018.12.002 

 Maniecki, M. B., Møller, H. J., Moestrup, S. K., and Møller, B. K. (2006). CD163 positive subsets of blood dendritic cells: the scavenging macrophage receptors CD163 and CD91 are Coexpressed on human dendritic cells and monocytes. Immunobiology 211, 407–417. doi: 10.1016/j.imbio.2006.05.019 

 Matsumoto, Y., and Ikuta, F. (1985). Appearance and distribution of fetal brain macrophages in mice: Immunohistochemical study with a monoclonal antibody. Cell Tissue Res. 239, 271–278. doi: 10.1007/BF00218004 

 Mulligan, M. K., Kleiman, J. E., Caldemeyer, A. C., Harding, J. C. S., and Alex Pasternak, J. (2022). Porcine reproductive and respiratory virus 2 infection of the fetus results in multi-organ cell cycle suppression. Vet. Res. 53:13. doi: 10.1186/s13567-022-01030-3 

 Naito, M., Hasegawa, G., and Takahashi, K. (1997). Development, differentiation, and maturation of Kupffer cells. Microsc. Res. Tech. 39, 350–364. doi: 10.1002/(SICI)1097-0029(19971115)39:4<350::AID-JEMT5>3.0.CO;2-L 

 Oliver, G., Novak, S., Patterson, J. L., Pasternak, J. A., Paradis, F., Norrby, M., et al. (2011). Restricted feed intake in lactating Primiparous sows. II. Effects on subsequent litter sex ratio and embryonic gene expression. Reprod. Fertil. Dev. 23, 899–911. doi: 10.1071/RD11013 

 Pasternak, A. J., Hamonic, G. M., Van Kessel, A., and Wilson, H. L. (2016). Postnatal regulation of MAMDC 4 in the porcine intestinal epithelium is influenced by bacterial colonization. Physiol. Rep. 4:e13018. doi: 10.14814/phy2.13018 

 Pasternak, J. A., Kent-Dennis, C., Van Kessel, A. G., and Wilson, H. L. (2015). Claudin-4 undergoes age-dependent change in cellular localization on pig Jejunal villous epithelial cells, independent of bacterial colonization. Mediators Inflamm. 2015, 1–14. doi: 10.1155/2015/263629 

 Pasternak, J. A., MacPhee, D. J., and Harding, J. C. S. (2019). Development and application of a porcine specific ELISA for the quantification of soluble CD163. Vet. Immunol. Immunopathol. 210, 60–67. doi: 10.1016/j.vetimm.2019.03.011 

 Pasternak, J. A., MacPhee, D. J., and Harding, J. C. S. (2020a). Maternal and fetal thyroid dysfunction following porcine reproductive and respiratory syndrome Virus2 infection. Vet. Res. 51:47. doi: 10.1186/s13567-020-00772-2 

 Pasternak, J. A., MacPhee, D. J., and Harding, J. C. S. (2020b). Fetal cytokine response to porcine reproductive and respiratory syndrome Virus-2 infection. Cytokine 126:154883. doi: 10.1016/j.cyto.2019.154883 

 Pasternak, J. A., MacPhee, D. J., Lunney, J. K., Rowland, R. R. R., Dyck, M. K., Fortin, F., et al. (2021). Thyroid hormone suppression in feeder pigs following Polymicrobial or porcine reproductive and respiratory syndrome Virus-2 challenge. J. Anim. Sci. 99:skab325. doi: 10.1093/jas/skab325 

 R Core Team
. (2019). “R: A language and environment for statistical computing.” Vienna, Austria.


 Retallack, H., Di Lullo, E., Arias, C., Knopp, K. A., Laurie, M. T., Sandoval-Espinosa, C., et al. (2016). Zika virus cell tropism in the developing human brain and inhibition by azithromycin. Proc. Natl. Acad. Sci. 113, 14408–14413. doi: 10.1073/pnas.1618029113 

 Rowland, R. R. R. (2010). The interaction between PRRSV and the late gestation pig fetus. Virus Res. 154, 114–122. doi: 10.1016/j.virusres.2010.09.001 

 Singampalli, K. L., Jui, E., Shani, K., Ning, Y., Connell, J. P., Birla, R. K., et al. (2021). Congenital heart disease: an immunological perspective. Front Cardiovasc Med 8:701375. doi: 10.3389/fcvm.2021.701375 

 Taketomi, T., and Tsuruta, F. (2023). Towards an understanding of microglia and border-associated macrophages. Biology 12:1091. doi: 10.3390/biology12081091 

 Terpstra, C., Wensvoort, G., and Pol, J. M. A. (1991). Experimental reproduction of porcine epidemic abortion and respiratory syndrome (mystery swine disease) by infection with Lelystad vims: Koch’s postulates fulfilled. Vet. Q. 13, 131–136. doi: 10.1080/01652176.1991.9694297 

 Van Reeth, K., Nauwynck, H., and Pensaert, M. (2001). Clinical effects of experimental dual infections with porcine reproductive and respiratory syndrome virus followed by swine influenza virus in conventional and colostrum-deprived pigs. J. Vet. Med. B. 48, 283–292. doi: 10.1046/j.1439-0450.2001.00438.x 

 Van Gorp, H., Van Breedam, W., Delputte, P. L., and Nauwynck, H. J. (2008). Sialoadhesin and CD163 join forces during entry of the porcine reproductive and respiratory syndrome virus. J. Gen. Virol. 89, 2943–2953. doi: 10.1099/vir.0.2008/005009-0 

 Van Goor, A., Pasternak, A., Walker, K., Hong, L., Malgarin, C., MacPhee, D. J., et al. (2020). Differential responses in placenta and fetal Thymus at 12 days post infection elucidate mechanisms of viral level and fetal compromise following PRRSV2 infection. BMC Genomics 21:763. doi: 10.1186/s12864-020-07154-0 

 Wang, X., Sathe, A. A., Smith, G. R., Ruf-Zamojski, F., Nair, V., Lavine, K. J., et al. (2020). Heterogeneous origins and functions of mouse skeletal muscle-resident macrophages. Proc. Natl. Acad. Sci. 117, 20729–20740. doi: 10.1073/pnas.1915950117 

 Warriss, P. (1984). Exsanguination of animals at slaughter and the residual blood content of meat. Vet. Rec. 115, 292–295. doi: 10.1136/vr.115.12.292 

 Wickham, H. (2016). Ggplot2: Elegant graphics for data analysis. Springer-Verlag New York.



Copyright
 © 2024 Rudy, Jeon, Smith, Harding and Pasternak. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.







 


	
	
ORIGINAL RESEARCH
published: 14 February 2024
doi: 10.3389/fmicb.2024.1328177








[image: image2]
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African swine fever (ASF) caused by the African swine fever virus (ASFV) is a fatal and highly contagious disease of domestic pigs characterized by rapid disease progression and death within 2 weeks. How the immune cells respond to acute ASFV infection and contribute to the immunopathogenesis of ASFV has not been completely understood. In this study, we examined the activation, apoptosis, and functional changes of distinct immune cells in domestic pigs following acute infection with the ASFV CADC_HN09 strain using multicolor flow cytometry. We found that ASFV infection induced broad apoptosis of DCs, monocytes, neutrophils, and lymphocytes in the peripheral blood of pigs over time. The expression of MHC class II molecule (SLA-DR/DQ) on monocytes and conventional DCs as well as CD21 expression on B cells were downregulated after ASFV infection, implying a potential impairment of antigen presentation and humoral response. Further examination of CD69 and ex vivo expression of IFN-γ on immune cells showed that T cells were transiently activated and expressed IFN-γ as early as 5 days post-infection. However, the capability of T cells to produce cytokines was significantly impaired in the infected pigs when stimulated with mitogen. These results suggest that the adaptive cellular immunity to ASFV might be initiated but later overridden by ASFV-induced immunosuppression. Our study clarified the cell types that were affected by ASFV infection and contributed to lymphopenia, improving our understanding of the immunopathogenesis of ASFV.

Keywords
 ASFV; apoptotic; T cell early activation; cytokine; immunopathogenesis


Introduction

African swine fever (ASF) caused by the African swine fever virus (ASFV) is a fatal and highly contagious disease of domestic pigs and wild boars, with a mortality rate of up to 100% (Galindo and Alonso, 2017). Since its first identification in Kenya in 1921 (Cwynar et al., 2019), this disease has spread from Africa to Europe and Asia, affecting many countries. In August 2018, the first case of ASF was documented in Shenyang, China, and since then, ASF has caused tremendous economic losses and has been the most devastating disease affecting the swine industry in China (Ge et al., 2018; Zhou et al., 2018; Zhao et al., 2019). ASFV is a double-stranded DNA virus and the only member of the Asfarviridae family. The ASFV genome has 170–190 kb nucleotides and contains 151–167 open reading frames (ORFs), depending on the virus strain (Dixon et al., 2013), which encode 54 structural proteins and more than 100 non-structural proteins (Alejo et al., 2018) involved in viral replication and assembly as well as in modulating host cellular functions and immune evasion (Galindo and Alonso, 2017).

Virulent ASFV infection generally leads to an acute/peracute hemorrhagic disease in domestic pigs, and the infected pigs usually die within 2 weeks (6–9 days for experimental inoculation, and 13–14 days post-contact) (Zhao et al., 2019). However, the detailed mechanism underlying rapid disease progression and death has not been completely understood (Takamatsu et al., 2013; Pikalo et al., 2019). It was known that ASFV mainly infects myeloid lineage cells, including monocytes, neutrophils, macrophages (Carrasco et al., 1996a; Gomez-Villamandos et al., 2013), and dendritic cells (DCs) (Franzoni et al., 2018). Severe leucopenia or lymphopenia was evident in the periphery blood and lymphoid organs of ASFV-infected pigs due to apoptosis (Oura et al., 1998; Karalyan et al., 2012), accompanied by the emergence of immature cells and atypical lymphocytes (Karalyan et al., 2012). However, the cell types that were affected by ASFV infection and contributed to lymphopenia have not been well defined, though in situ apoptotic immune cells were primarily examined by the terminal deoxynucleotidyl transferase (TdT) dUTP Nick-end labeling (TUNEL) technique (Oura et al., 1998).

In addition, ASFV infection also results in an exacerbated inflammatory cytokine storm, which is characterized by sustained elevation of serum pro-inflammatory interleukins, tumor necrosis factor (TNF), and chemokines (Wang et al., 2020; Franzoni et al., 2023), and TNF-α is required for cell apoptosis in porcine alveolar macrophages (PAMs) after ASFV infection (Zheng et al., 2022). There was no direct evidence showing that T cells were activated or IFN-γ was released by specific cell types, though the transient increase of IFN-γ was observed from day 4–6 post-inoculation (Karalyan et al., 2012). Recent studies showed that an infection of the highly virulent ASFV strain led to the reduction of distinct T-cell subsets to some degree, except for CD4+CD8+ T cells in domestic pigs (Huhr et al., 2020), whereas the moderate virulent ASFV strain induced an increase in CD8α+ and CD4+CD8α+ αβ T cells and delayed the proliferation of CD8α+ T cells in domestic pigs (Schafer et al., 2021). However, whether T cells are activated or functionally impaired during rapid disease progression and death caused by virulent ASFV infection is still lacking in evidence. The dynamics of distinct immune cell activation and apoptosis as well as functional changes of T cells during ASFV infection remain to be clarified, in order to better understand the immunopathogenesis of ASFV.

In this study, we examined the activation, apoptosis, and functional changes of distinct immune cells in domestic pigs following acute infection with the ASFV CADC_HN09 strain using multicolor flow cytometry, in combination with an anti-pig CD69 antibody we developed previously (Tian et al., 2022) and ex vivo staining of IFN-γ-producing cells. Our results showed that there was transient T-cell activation and functional impairment as well as broad apoptosis on distinct immune cells after virulent ASFV infection.



Materials and methods


Ethics statement

All experiments involving ASFV were approved by the Institutional Biosafety Committee of the Ministry of Agriculture and Rural Affairs of China (07140020210615–1) and performed in animal biosafety level 3 (ABSL-3) facilities, in accordance with the institutional biosafety manual of China Animal Disease Control Center. All the protocols for animal studies complied with the guidelines of the Animal Welfare and Ethics of China Animal Disease Control Center.



Animals and virus

Piglets for the ASFV infection experiment were purchased from Beijing Qingquanwan Pig Breeding Co. LTD, were unvaccinated with vaccines, and were routinely pre-detected for ASFV, PRRSV, PRV, PCV, and PEDV by RT-qPCR. The ASFV CADC_HN09 strain was isolated and sequenced (GenBank accession number: MZ614662) in 2021, belongs to genotype II, and is kept in China Animal Disease Control Center.



Infection experiments with ASFV

In experiment 1, eight 2-month-old ASFV-free healthy piglets were randomly divided into two groups. One group (five pigs) was intramuscularly infected with 10 hemadsorbing doses (HAD50) of ASFV CADC_HN09 strain per piglet while a control group (three pigs) was uninfected (see Table 1). Periphery blood of each pig was collected at 0, 3, 5, and 7 days post-infection (dpi) for the isolation of PBMCs and immunophenotyping by flow cytometry (FCM).



TABLE 1 Infection experiments and sample collection.
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In experiment 2, 18 2-month-old healthy piglets were randomly divided into two groups (nine pigs in each group). One group was intramuscularly infected with 10 HAD50 of ASFV CADC_HN09 strain per piglet, and the other group was left uninfected and served as control at 3, 5, and 7 dpi. Pigs were euthanized at each time-point, and the lung, spleen, and mandibular lymph node (mLN) were collected for single-cell suspension, serum preparation, and immunophenotyping by flow cytometry.

Clinical signs and rectal temperatures of the piglets were recorded daily over the course of the experiment. The clinical score was evaluated as previously described (Petrov et al., 2018), which comprised the parameters of liveliness, bearing, breathing, gait, skin, and feed uptake.



Single-cell preparation

Single-cell suspension from peripheral blood and organs was prepared according to a previous study (Hao et al., 2020; Tian et al., 2022). Briefly, PBMCs were isolated from the heparinized periphery blood of pigs by gradient density centrifugation with a Porcine PBMC Isolation Kit (Tianjin Haoyang Co. Ltd., China). Single-cell suspensions from mLN and spleen were prepared by grinding the tissues through 70-μm cell strainers (BD, United States) in 2% fetal bovine serum (FBS) RPMI-1640 medium. Lung samples were predigested with collagenase IV and DNase I (Sigma, Germany) for 30 min at 37°C in a water bath and then ground, followed by isolation with a Porcine Lymphocyte Isolation Kit (Tianjin Haoyang Co. Ltd., China). Red blood cells in samples were lysed with red blood cell lysis buffer (Solarbio, China). Live cells were counted using a hemocytometer, and the cell concentration was adjusted to 2 × 107 cells/mL.



Flow cytometry

Single-cell suspensions from blood and organs were seeded in 96-well V-bottom plates, with 2 × 106 cells in each well. After centrifugation, cells were incubated for 30 min at RT in the dark with a cocktail of fluorescence-conjugated antibodies or biotinylated antibodies and/or followed by a secondary antibody staining, as previously reported (Maisonnasse et al., 2016; Lagumdzic et al., 2023). Antibodies used in the FCM are summarized in Table 2. The early apoptosis of myeloid lineage cells and lymphocytes was detected using an Annexin V detection kit (Biolegend, United States), cytokine secretion of lymphocytes was detected by intracellular cytokine staining (ICS), and the proliferation of lymphocytes was examined by intranuclear transcriptional factor staining, with different staining panels. After each staining, a washing step was performed with FCM buffer (0.5% BSA PBS) by centrifuging at 400 g for 5 min at 4°C. A minimal number of 300,000 cells was acquired for FCM analysis. Live singlets in PBMCs were gated based on their forward scatter (FSC) and side scatter (SSC) properties, together with a negative fixable viability dye eFluor® 780 (FVD780, Thermo Scientific, United States) signal. FCM was performed with FACS LSRFortessa (BD Biosciences, Franklin Lakes, NJ, United States), and the data were analyzed by FlowJo software v10.6.2 (Tree Star Inc., Ashland, OR, United States).



TABLE 2 Antibodies used in this study.
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Apoptosis detection

PBMCs were seeded in 96-well V-bottom plates, with 2 × 106 cells in each well and stained first with FVD780 in pre-cold PBS for 10 min at 4°C. Then, the cells were stained with antibody cocktails containing fluorescein-conjugated antibodies to CD172, CD163, SLA-II DR/DQ, or CD21, γδTCR, CD3, CD4, and CD8α, followed by a second antibody staining in FCM buffer at RT for 30 min. Thereafter, cells were washed with FCM buffer, and stained with fluorescein-labeled Annexin V diluted in Annexin V binding buffer (Biolegend, United States) for 15 min at 4°C. Cells were washed and resuspended with Annexin V binding buffer and immediately analyzed by FCM.



Intracellular cytokine staining

For in vitro activation of lymphocyte, 2 × 106 PBMCs per sample were seeded in 96-well U-bottom plates kept in a 200-μL RPMI-1640 complete medium containing 10% FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin (Gibco, United Kingdom) and stimulated for 6 h with 50 ng/mL PMA and 500 ng/mL ionomycin in the presence of 10 μg/mL Brefeldin A (Biolegend, United States).

After incubation, cells were stained for cell surface markers for 30 min at RT, washed with FCM buffer, and fixed with 4% paraformaldehyde for 10 min; then, the cells were permeabilized with Perm/wash buffer (BD, United States) for 20 min, and stained with Alexa Fluor® 647 Mouse Anti-Pig IFN-γ (BD, United States), Brilliant Violet 421™ anti-human TNF-α (BioLegend), and FITC-conjugated anti-IL-2 mAbs (Thermo Fisher, United States) diluted in Perm/wash buffer for 30 min in dark at RT. After washing with Perm/wash buffer, the cells were resuspended with 0.5% PFA PBS buffer and examined by FCM. For ex vivo detection of IFN-γ production by T cells, freshly isolated PBMCs were directly stained with cell surface markers and then subjected to the intracellular staining protocol.



Intranuclear transcriptional factor staining

Intranuclear Ki67 and Foxp3 factors were stained as below. Briefly, cells were first stained with antibodies against surface markers CD21, γδTCR, CD3, CD4, and CD8α. Then, the cells were fixed and permeabilized with fixation/permeabilization buffer (Invitrogen, United States) for 45 min and stained with mouse anti-Ki67 (BD Horizon™, United States) and/or anti-Foxp3 (Invitrogen, United States) diluted in permeabilization buffer (Invitrogen, United States) for another 45 min. After final washing with the permeabilization buffer, cells were resuspended with 0.5% PFA PBS buffer and examined by FCM.



ELISA

Pig sera were isolated at 5 dpi for the detection of IL-1β and IL-18 using a commercial ELISA kit (Thermo Fisher, United States). The test was carried out according to the manufacturer’s protocol.



Statistical analysis

Statistical analysis was performed with GraphPad Prism software (GraphPad, La Jolla, CA). When comparing experimental values from two groups, Student’s t-tests were routinely used. Statistical significance is noted (*p < 0.05; **p < 0.01; ***p < 0.001).




Results


Clinical manifestations

After inoculation of ASFV CADC_HN09, the piglets showed a loss of appetite, depression, lethargy, skin cyanosis, and dyspnea. Most of the infected piglets showed high fever (over 41°C) that started from 5 dpi and lasted until the end (Supplementary Figure S1), consistent with a previous report (Zhao et al., 2019). Two piglets were euthanized at 6 dpi due to severe clinical signs.



Virulent ASFV infection led to the predominant reduction of B cells, CD4 T cells, monocytes, and dendritic cells in periphery blood

As lymphopenia was previously evident in the tissues of the infected pigs, but the cell types were not completely identified, we intended to identify the changes of distinct immune cells in the periphery blood of ASFV-infected pigs. We first defined different immune cell subsets from myeloid lineage by multicolor flow cytometry according to a previous report (Maisonnasse et al., 2016). As shown in Figure 1 and Supplementary Figure S2A, in terms of numbers, MHC II+CD172a+CD163+ monocytes and MHC II+CD172a−CD163− conventional dendritic cells type I (cDC1) gradually decreased over the course of infection (Figures 1A,B), while MHC II+CD172a+CD163− conventional dendritic cell type II (cDC2) and neutrophils (MHC II−CD163−CD172+) significantly increased after infection (Figures 1C,D). As the PBMC isolation kit we used could not completely remove granulocytes, neutrophil was also analyzed in this study. Further analyzing the changes in lymphocyte subsets showed that total lymphocytes, total T cells (CD3+), and γδ T cells slowly decreased (Figures 1E–G; Supplementary Figure S2B) over the course of the disease, while CD21+ B cells and CD4+ T cells (CD3+CD8−CD4+) decreased more drastically from 5 dpi in terms of numbers (Figures 1H,I). The numbers of CD4+CD8+ T cells and CD8+ T cells were relatively stable until 7 dpi, after which they decreased, whereas the number of NK cells (CD3−CD8+ T) showed a slight increase and then decreased (Figures 1J–L). In contrast, the corresponding cell populations in the uninfected pigs were not much changed, suggesting that technical and experimental variations at each timepoint were minimized.

[image: Figure 1]

FIGURE 1
 Virulent ASFV infection led to predominant reduction of B cells, CD4 T cells, monocytes, and DCs in periphery blood. At the indicated time points, PBMCs were prepared and stained for distinct leukocyte subsets and were analyzed by FCM. The absolute amount of each leukocyte subset per milliliter of blood was calculated based on the percentage of the specific cell type in live PBMCs. The numbers of monocyte (A), cDC1 (B), cDC2 (C), neutrophil (D), lymphocyte (E), B cell (F), γδ T cell (G), CD3 T cell (H), CD4 T cell (I), CD4+CD8+ T cell (J), CD8 T cell (K), and NK cell (L) in 1 mL blood. Data shown are mean ± SD. *p < 0.05. **p < 0.01.




Virulent ASFV infection caused different levels of apoptosis on distinct immune cells

Although apoptosis was detected in porcine macrophage during in vitro infection with high and low virulent ASFV isolates (Ramiro-Ibanez et al., 1996; Portugal et al., 2009) and in lymphocytes in the liver, kidney tissues, and lymphoid organs of the infected pigs (Gomez-Villamandos et al., 1995; Ramiro-Ibanez et al., 1996; Carrasco et al., 1996b), in vivo apoptotic kinetics of distinct immune cells in PBMCs after virulent ASFV infection have not been examined. We first examined the expression of Annexin V on the cell surface for measuring the early apoptosis of myeloid lineage subsets including DCs, monocytes, and neutrophils using multicolor flow cytometry. The results showed that early apoptosis (Annexin V-positive cells) occurred as early as 3 dpi in DCs, monocytes, and neutrophils in PBMCs to various extents (Figure 2). The kinetics of apoptosis in these cells peaked at 7 dpi, in which the percentages of apoptotic cDC1 (Figure 2A), cDC2 (Figure 2B), monocytes (Figure 2C), and neutrophils (Figure 2D) reached an average of 26.71 ± 18.42%, 31.03 ± 25.49%, 33.23 ± 10.97%, and 20.78 ± 16.64%, respectively.
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FIGURE 2
 Apoptosis of DCs, monocytes, and neutrophils in vivo after ASFV infection. At the indicated time points, PBMCs of ASFV-infected and ASFV-uninfected piglets were prepared and stained for the apoptosis of cDC1, cDC2, monocytes, and neutrophils and were analyzed by FCM. Representative zebra plots (left panel) and kinetic changes (right panel) of the percentage of apoptotic (Annexin V+) cDC1 (A), cDC2 (B), monocytes (C), and neutrophils (D). FVD780+ cells, dead cells. Data shown are mean ± SD. *p < 0.05.


Similarly, we simultaneously examined the apoptosis of several subsets of lymphocytes in terms of Annexin V expression. As shown in Figure 3, all lymphocyte subsets of the infected animals showed different levels of apoptosis from 3 dpi on, compared to the control. The frequency of apoptotic B cells and NK cells increased to 6.78 ± 2.60% and 9.51 ± 4.79% (Figures 3A,B) at 3 dpi, respectively. The percentage of apoptotic γδ T cells gradually increased from 2.39 ± 2.55% at 3 dpi to 7.79 ± 3.71% at 7 dpi (Figure 3C), whereas αβ T cells showed higher proportional Annexin V-positive cells. Among these T cells, the frequencies of apoptotic CD4+ T cells and CD4+CD8+ T cells peaked at 3 dpi, ranging from 10 to 30% with an average of 15% (Figures 3D,E), whereas Annexin V+CD8+ T cells showed relatively lower proportion, with an average of 10.59 ± 4.18% (Figure 3F) that sustained until 7 dpi.

[image: Figure 3]

FIGURE 3
 Apoptosis of T cell subsets in vivo after ASFV infection. At the indicated time points, PBMCs of ASFV-infected and ASFV-uninfected piglets were prepared and stained for apoptotic T cell subsets and were analyzed by FCM. Kinetic changes of the percentage of apoptotic (Annexin V+) B cell (A), NK cell (B), γδ T cell (C), CD4 T cell (D), CD4+CD8+ T cell (E), and CD8+ T cell (F). FVD780+ cells, dead cells. Data shown are mean ± SD. *p < 0.05; **p < 0.01.


Considering that acute virulent ASFV infection may cause more than one type of cell death, we detected the levels of IL-1β and IL-18, which are products of pyroptosis (He et al., 2015, Gao et al., 2022) in pig sera at 5 dpi. As shown in Supplementary Figure S3, the levels of IL-1β and IL-18 in infected pig sera increased compared with that of uninfected pig sera.



Virulent ASFV infection downregulated the expression of MHC II and CD21 molecules on APCs and B cells, respectively

The upregulation of the MHC II molecule on the cell surface is a hallmark of antigen-presenting cell (APC) maturation, especially DC maturation (Franzoni et al., 2019), and is associated with the capability of DCs to present antigen and prime T cells (Dalod et al., 2014). It was unclear whether ASFV infection affected the MHC II expression on APCs in vivo. Therefore, we examined the expression of SLA-DR/DQ molecules and their mean fluorescence intensity (MFI) on APCs by FCM. As shown in Figure 4, the MFI of SLA-DR/DQ on monocytes and cDC1 from infected piglets significantly decreased from 5 dpi on (Figures 4A,B), while the MFI of MHC II on cCD2 did not show any obvious change (Figure 4C). These results indicated that infection with ASFV CADC_HN09 strain may affect the antigen-presenting function of porcine monocytes and cDC1.

[image: Figure 4]

FIGURE 4
 Downregulation of MHC II on APCs after ASFV infection. At the indicated time points, PBMCs of piglets infected with or without ASFV were prepared and stained for monocyte and DCs and were analyzed by FCM. MFI of MHC II on monocyte (A), cDC1 (B), and cDC2 (C) was calculated for assessment of the expression level on each subset (upper panel). Each point represents data from a single piglet, while bars represent the mean of each group. A representative histogram of the MHC II+ APCs at 5 dpi (lower panel); the black line represents uninfected piglets and the orange line represents infected piglets, while the blue line means MHC II-FMO control. Data shown are mean ± SD. ns, no statistical significance. *p < 0.05; **p < 0.01.


Further analysis showed that CD21 MFI was significantly decreased as early as 5 dpi and further decreased at 7 dpi (Figure 5), while the percentage of CD21+ B cells was reduced during ASFV infection. Given that CD21 is a marker for the maturation and activation of naive B cells and is associated with complement activation (Ahearn and Fearon, 1989), this result suggested that ASFV infection may potentially impair B cell development and complement activation.
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FIGURE 5
 Downregulation of CD21 on B cells after ASFV infection. At the indicated time points, PBMCs of ASFV-infected or ASFV-uninfected piglets were separated and stained for FCM analysis of B cells. A representative histogram of CD21+ B cell at 5 dpi (left panel), and the black line represents uninfected piglets and the orange line represents infected piglets, while the closed blue histogram means FITC-CD21-FMO control. Dynamic changes of CD21 MFI on B cells (right panel). Each point represents data from a single pig, while the bars represent the mean of each group. Data shown are mean ± SD. ns, no statistical significance. **p < 0.01; ***p < 0.001.




African swine fever virus infection induced transient activation of T cells and NK cells

The ASF disease progression was so rapid that the infected pigs usually died within 7–14 days after infection (Zhao et al., 2019). It was debatable whether there is an activation of lymphocytes after virulent ASFV infection. Using porcine CD69 as the very early activation marker (Tian et al., 2022) and ex vivo cytokine staining, we examined the early activation of lymphocytes after ASFV infection. As shown in Figure 6, as early as 3 dpi, though no obvious early activation of lymphocytes was detected in PBMCs (Figure 6A), the percentages of CD69+ γδ T cells in both mLN (2.91 ± 0.63% vs. 1.01 ± 0.20%) and lungs (5.8 ± 1.38% vs. 1.57 ± 0.27%) were significantly increased in the ASFV-infected pigs, compared to the uninfected pigs (Figures 6B,C). Interestingly, the early activation of lymphocytes (3.22 ± 0.16% vs. 2.17 ± 0.15%) appeared first in the spleen of the infected pigs and was more significant than in other organs (Figure 6D). Among the activated lymphocytes, distinct T-cell subsets (CD4+, CD4+CD8+, and CD8+ T cells) showed obviously higher CD69 expression than those cells from the control. The activation of these cells became even more evident at 5 dpi and more pronounced in lymphoid organs than in periphery blood in terms of CD69 expression after infection, which was shown in our previous study (Tian et al., 2022).
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FIGURE 6
 Early activation of different lymphocyte subsets after ASFV infection in blood and organs. Single-cell suspensions of peripheral blood, mLN, lung, and spleen were prepared at 3 dpi and stained for lymphocyte subsets and were analyzed by FCM. The percentages of CD69+ lymphocyte subsets in PBMC (A), mLN (B), lung (C), and spleen (D) were compared between ASFV-uninfected and ASFV-infected groups. Data shown are mean ± SD. *p < 0.05.


To further identify whether the activated lymphocytes express cytokines in vivo upon ASFV infection, we performed an ex vivo intracellular cytokine staining of freshly isolated PBMCs at 5 dpi. We found that there were higher percentages of IFN-γ-secreting CD4+, CD8+ and CD4+CD8+ T cells, γδ T cells, and NK cells (Figures 7A–E; Supplementary Figure S2F), as well as TNF-α and IL-2-secreting γδ T cells (Figure 7F) in the ASFV-infected pigs, compared to the uninfected pigs, though the percentages were relatively low. In addition, more frequencies of TNF-α+IFN-γ+ CD8+ T cells and γδ T cells were observed in the ASFV-infected pigs (Figures 7B,E). These results indicated that there was in vivo activation of T cells and NK cells during virulent ASFV infection.
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FIGURE 7
 ASFV infection induced cytokine-secreting T cells and NK cells. PBMC of both ASFV-infected and ASFV-uninfected piglets were separated at 5 dpi and stained for lymphocyte subsets, followed by intracellular cytokine staining for TNF-α, IFN-γ, and IL-2, and then, the cells were analyzed by FCM. Representative pseudocolor plots (left panel: the upper one, uninfected; the lower one, infected) and increased frequencies of IFN-γ+, IFN-γ+TNF-α+ or IL-2+ CD4 T (A), CD8 T (B), CD4+CD8+ T (C), NK (D) and γδ T cells (E,F) (right panel). Data shown are mean ± SD. *p < 0.05.




African swine fever virus infection impaired the capability of αβ T cells to produce cytokines

Even though the lymphocytes of the infected pigs were activated, these animals died in 7 to 9 days after infection in this study, suggesting the adaptive immunity to ASFV may be overridden by the immunosuppression caused by ASFV. Therefore, we compared the capability of lymphocytes from the infected and uninfected pigs to produce cytokines upon mitogenic stimulation by flow cytometry. The results showed that CD4+CD8+ T cells from the infected piglets were less capable of producing IFN-γ (5.0 ± 3.0% vs 10.43 ± 2.3%) and TNF-α (3.61 ± 0.68% vs 9.72 ± 1.36%) at 7 dpi upon PMA/Ionomycin stimulation, compared to those from the uninfected pigs (Figures 8A,B). Moreover, the results also revealed that CD4+CD8+ T and CD4 T cells showed reduced polyfunctionality for producing both TNF-α and IL-2 (0.13 ± 0.16% vs 1.28 ± 0.48% and 0.44 ± 0.28% vs 3.20 ± 1.02%) at 7 dpi and 5 dpi, respectively (Figures 8C,D), while CD4+CD8+ T and CD8 T cells showed impaired polyfunctionality for producing both TNF-α and IFN-γ (2.31 ± 1.0% vs 8.66 ± 1.92% and 6.57 ± 3.04% vs 12.39 ± 3.52%) at 7 dpi and 5 dpi, respectively (Figures 8A,B,E) in infected pigs in comparison with those of uninfected pigs. These findings demonstrated that αβ T cells from the ASFV-infected pigs were less responsive to stimulation and may be functionally impaired in vivo. However, there were still increased frequencies of TNF-α+IFN-γ+ and TNF-α+IL-2+ double-positive γδ T cells in infected pigs (Supplementary Figures S4A,B), though with no statistical significance due to huge individual differences. Further analysis of lymphocyte proliferation using Ki67 as a surrogate marker showed that B cells from the infected pigs significantly proliferated only at 3 dpi and then decreased (Supplementary Figure S5A) whereas CD4 T cells were less proliferative from 5 dpi on, compared to the control (Supplementary Figure S5B). The proliferation of CD8+, CD4+CD8+ T cells, γδ T cells and NK cells seemed not to be affected by ASFV infection (Supplementary Figures S5C–F).
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FIGURE 8
 ASFV infection impaired the capability of T cells to produce cytokines. At the indicated time points, PBMC of ASFV-infected and uninfected piglets were separated and stimulated with mitogen and were stained for lymphocyte subsets, followed by an intracellular cytokine staining step and cells were determined by FCM. Representative pseudocolor plots (A) and the differential expression of cytokines in CD4+CD8+ T cell (B). Representative pseudocolor plots (left panels) and the differential expression of cytokines in CD4+CD8+ T cell (C), CD4 T cell (D) and CD8 T cell (E) (right panels). Each point represents data from a single pig while bars represent the mean of each group. Data shown are mean ± SD. ns, no statistical significance. *p < 0.05; **p < 0.01.




Regulatory T cells were reduced in periphery blood after ASFV infection

Regulatory T cell (Treg) is believed to be involved in the immunopathogenesis of ASF and affects the long-term protection of an attenuated ASFV vaccine (Kaser et al., 2011; Sanchez-Cordon et al., 2020). We also examined the frequency changes of CD3+CD4+Foxp3+ Tregs in periphery blood after ASFV CADC_HN09 infection. We found that the frequency of Tregs progressively decreased in the infected pigs and was significantly lower than that in the control group at 5 dpi (Supplementary Figures S6A,B), which is concomitant with the decreased proliferation of Treg (Ki67+ Treg) (Supplementary Figure S6C).




Discussion

Virulent ASFV infection causes rapid death of the infected domestic pigs within 2 weeks (Zhao et al., 2019). Although the pathological changes of ASF have been extensively studied (Salguero et al., 2004; Wang et al., 2020; Li D. et al., 2021; Walczak et al., 2021), its immunopathogenesis remains incompletely understood. In addition to the cytokine storm that is believed to contribute to rapid death, in vivo death and activation of distinct immune cells have not been well tracked; moreover, it was unclear whether there was T-cell activation. In this study, we demonstrated that distinct immune cells underwent different levels of apoptosis kinetically in vivo over the course of infection and confirmed the cell types (B cells, CD4 T cells, monocytes, and dendritic cells) that were mainly affected by ASFV infection and accounted for the leukopenia documented in many studies (Carrasco de Lara et al., 1996a; Oura et al., 1998; Karalyan et al., 2012; Walczak et al., 2021). Interestingly, we found that T cells were transiently activated but eventually became less responsive to mitogenic stimulation, suggesting that the adaptive cellular immunity to ASFV might be initiated in the specific pathogen-unexperienced and pathogen-unimmunized piglets but somehow interrupted eventually. These findings improved our understanding of the immunopathogenesis of ASF.

The cellular immune response to the virulent ASFV strain has been examined in previous studies (Huhr et al., 2020; Schafer et al., 2021). CD4 T cells and CD79a+ B cells were shown to account for the lymphopenia, while CD4+CD8+ T cells were increased at 7 dpi in domestic pigs, and no T-cell activation was detected in terms of Ki67 and T-bet expression (Huhr et al., 2020). Consistent with this study, we also observed that B cells and CD4 T cells were the major populations that contributed to lymphopenia, but why and how ASFV induces B cell and CD4 T cell reduction or death require further investigation. In addition, different from the previous study, we demonstrated that there was T-cell activation during virulent ASFV infection, based on CD69 expression and ex vivo IFN-γ expression by T cells. However, this early activation of T cells seemed not to contribute to the protection as the infected pigs eventually died. One of the reasons for this could be that the initiation of anti-ASFV T cell immunity was interrupted by the apoptosis and reductions of antigen-presenting cells (Figures 1A,B, 2A,C) or overridden by ASFV-induced immunosuppression. Cytotoxic CD8 T cells are of great importance in antiviral infection. We failed to examine if there was an increase of perforin+ or granzyme+ effector CD8 T cell in acute infection, which was described elsewhere (Lagumdzic et al., 2023), due to a lack of antibodies.

It was well reported that ASFV induced immunosuppression (Dixon et al., 2019). ASFV-encoded proteins, such as pE199L, p54, and A179L, have been shown to induce cell death via apoptosis or necroptosis in cell lines (Hernaez et al., 2004; Li T. et al., 2021; Shi et al., 2021). TNF-α from ASFV-infected macrophages caused the apoptosis of bystander lymphocytes during later stages (Dixon et al., 2019). Whether the reduction of distinct immune cell subsets is directly mediated in vivo by viral proteins or induced by inflammatory cytokines still needs to be answered. Cytokine IL-1β and IL-18 are typically products of cell pyroptosis (Church, 2014; Schneider et al., 2017). In this study, we found that the concentration of IL-1β and IL-18 in the sera of the infected pigs was significantly increased, implying that pyroptosis may also be induced during ASFV infection. However, how a single viral protein induces the cell death of immune cells in vivo remains to be demonstrated.

Treg is generally induced during acute infection and plays a role in counteracting immunopathological lesions caused by the excessive inflammatory response (Kaser et al., 2011). In this study, we did not observe the same increase of Treg in periphery blood as in previous studies (Huhr et al., 2020; Schafer et al., 2021), though strong cytokine storm and neutrophil increases were documented (Wang et al., 2020; Franzoni et al., 2023). It is reasonable to speculate that lacking Treg to dampen aberrant inflammatory response may promote or accelerate the death of the infected pigs. Of note, individual variation among pigs and operational variations including blood collection, PBMC isolation, and disease progression between each time-point, which severely affected data consistency and interpretations, were minimized in this study by setting the uninfected pigs as a control group, something that was missing in previous studies (Huhr et al., 2020; Schafer et al., 2021).

It is debatable whether there is activation of adaptive immunity after virulent ASFV infection as the ASF disease progresses so rapidly that the infected pigs die quickly (Zhao et al., 2019). In this study, using two methods, CD69 expression and ex vivo cytokine staining, we showed that early activation of lymphocytes indeed had taken place after ASFV CADC_HN09 infection. However, the capability of T cells to produce cytokines was impaired later. Apart from the cell death of activated T cells, the impairment of antigen presentation could be another possible reason. It was reported that ASFV infection did not significantly change the expression level of MHC II on mature pig bone marrow cells (pBM) and Mφ (Lithgow et al., 2014; Franzoni et al., 2017). However, we found that the expression of MHC II on monocyte and cDC1 was significantly decreased after ASFV infection (Figure 4), suggesting that antigen presentation by these cells may be impaired, thus disrupting the elicitation of effective adaptive immunity to ASFV. In addition, B cell reduction and CD21 downregulation on B cells may account for the failure of developing an effective humoral response as CD21 is involved in the regulation of B cell activation (Tedder et al., 1994).

Overall, in the present study, by examining the cellular changes of domestic pigs after infection with the highly virulent ASFV CADC_HN09 strain, we found that ASFV infection induced different levels of apoptosis of distinct immune cells over the course of infection. There was early T-cell activation, but T-cell function was impaired later. The failure to develop an effective adaptive immunity to ASFV may be related to ASFV-induced immunosuppression or the impaired function of APCs, B cells, and T cells, leading to a dual impairment of humoral and cellular immune response. This study provides new insights into the rapid disease progression of ASF in domestic pigs, improves our understanding of the immunopathogenesis of ASF, and paves the way for further investigation.
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Since 2013, the porcine reproductive and respiratory syndrome virus type 2 (PRRSV-2), lineage 1.8 (NADC30-like PRRSV) has emerged and become widely prevalent in China. The NADC30-like PRRSV poses significant challenges for disease control, primarily because of its propensity for frequent mutations and recombinations. We successfully isolated and identified a NADC30-like strain, designated SCCD22, in Chengdu, Sichuan Province, China. We meticulously examined the genetic recombination properties and evaluated its pathogenicity in 28-day-old piglets. SCCD22 showed 93.02% nucleotide homology with the NADC30 PRRSV strain, and its non-structural protein 2 coding region showed the same 131 amino acid deletion pattern as that seen in NADC30. Furthermore, we identified two recombination events in SCCD22: one in the NSP2 region (1,028–3,290 nt), where it was highly similar to the JXA1-like strain GZ106; and another in the NSP10 ~ 12 region (9,985–12,279 nt), closely resembling the NADC30-like strain CY2-1604. Piglets infected with SCCD22 exhibited clinical symptoms such as elevated body temperature, prolonged fever, reduced appetite, and roughened fur. Postmortem examinations underscored the typical lung pathology associated with PRRSV, indicating that the lungs were the primary affected organs. Furthermore, extended viral shedding accompanied by progressive viremia was observed in the serum and nasal excretions of infected piglets. In summary, this study reports a domestic PRRSV recombination strain in the Sichuan Province that can provide critical insights into preventing and controlling PRRSV in this region.
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1 Introduction

Porcine reproductive and respiratory syndrome (PRRS) is a highly contagious disease caused by the porcine reproductive and respiratory syndrome virus (PRRSV). It differs from clinical manifestations caused by other pathogens such as African swine fever virus, classical swine fever virus, porcine parvo virus, and porcine circovirus type 2, and it leads to severe reproductive disorders, delayed growth, respiratory symptoms, and high mortality rates in pigs (Kappes and Faaberg, 2015).

PRRSV is a single-stranded positive-sense RNA virus that belongs to the Arteriviridae family. The genome size of PRRSV ranges from 15 to 15.5 Kb, encoding approximately 10 open reading frames (ORFs), which include ORF1a, ORF1b, ORF2a, ORF2b, ORF3, ORF4, ORF5a, ORF5, ORF6, and ORF7. ORF1a and ORF1b together account for approximately 75% of the genome and encode at least 16 non-structural proteins (NSPs), such as NSP1a, NSPSP1β, NSP2, NSP2TF, NSP2N, NSP3-NSP6, NSP7α, NSP7β, and NSP8-NSP12 (Jiang et al., 2023). ORF2a, ORF2b, ORF3, ORF4, ORF5, ORF6, and ORF7 encode seven structural proteins: glycoprotein GP2a, small envelope protein E, glycoproteins GP3, GP4, and GP5, membrane protein (M protein), and nucleocapsid protein (N protein) (Meng et al., 1995; Kappes and Faaberg, 2015; Lunney et al., 2016).

Based on differences in genomic sequences and antigenic characteristics, the prevalence of PRRSV can be divided into PRRSV-1 (represented by the European type with the lelystadvirus strain) and PRRSV-2 (represented by the North American type with the VR-2332 strain) (Adams et al., 2016). Shi constructed a global classification system for PRRSV based on a comprehensive analysis of the complete ORF5 gene sequence (Shi et al., 2010b). According to this classification system, PRRSV-1 can be divided into three subtypes (sublineages 1–3). Although numerous reports have been published on the prevalence of PRRSV-1 in China in recent years, its clinical detection rate remains relatively low. As early as 1997, Chinese customs intercepted pigs infected with PRRSV-1 (B13, GenBank: AY633973) (Yun et al., 1998), indicating that the introduction of PRRSV-1 may have occurred more than 20 years ago.

PRRSV-2 is divided into nine lineages, each with several sub-lineages (Shi et al., 2010a,b). The virulence and antigenicity of each lineage vary owing to genetic diversity. Five lineages of PRRSV-2 have been reported in China, namely lineages 1 (sublineages 1.5 and 1.8), 3, 5 (sublineage 5.1), 8 (sublineage 8.7), and 9 (Chen et al., 2019; Han et al., 2020). Lineage 1 of PRRSV includes representative strains such as NADC30, JL580, NADC34, and RFLP1-4-4; lineage 3 is mainly prevalent in southern China, with relatively low pathogenicity, including representative strains QYYZ and GM; lineage 5 mainly contains the classic PRRSV strain represented by VR-2332; lineage 8 contains highly pathogenic strains represented by TJ, JXA1, TA-12, and the classic strain represented by CH-1a; lineage 9 was discovered in Xinjiang in 2011.

Sublineage 1.8 (NADC30-like) of PRRSV-2 has been reported in China since 2013 (Zhou F. et al., 2015). Similar to the American NADC30 isolates MN184A and NADC30, the Chinese NADC30-like virus strains exhibit the same NSP2 deletion pattern, including a discontinuous deletion of 131 amino acids (Feng et al., 2014; Zhao et al., 2015; Zhou L. et al., 2015; Li et al., 2016). Recently, multiple novel recombinant PRRSV strains from NADC30-like outbreaks in China have recently been reported to exhibit different pathogenicities (Zhao et al., 2015; Liu et al., 2017; Chen et al., 2018). Compared with other PRRSV lineages in China, the NADC30-like strain has a higher potential for recombination and pathogenic diversity. Numerous recent studies (Zhao et al., 2015; Zhang et al., 2016; Liu et al., 2018; Sui et al., 2018; Han et al., 2019; Zhang et al., 2019; Li et al., 2021; Liu et al., 2022; Ma et al., 2022; Wu et al., 2022; Chang et al., 2023) have indicated that the virulence of NADC30-like PRRSV strains is related to the recombination regions and segments derived from the parental strains. Currently, all NADC30-like PRRSV strains induce typical clinical symptoms and pathological changes in piglets following infection, with their pathogenicity tending toward intermediacy between the parental strains (Yu et al., 2021).

This study aims to elucidate the genetic and pathogenic features of PRRSV in Sichuan Province, through the isolation, recombination analysis and pathogenicity experiment of a NADC30-like PRRSV strain. In this study, the Pams-163 (PRRSV receptor CD163 was expressed and transfected into primary alveolar macrophage passage cell line 3D4/21 (CRL-2843). The Pams-163 was maintained and provided by the Animal Quarantine Laboratory of Sichuan Agricultural University) was used to isolate and identify prevalent PRRSV strains from suspected PRRSV-infected samples, resulting in the isolation of an NADC30-like PRRSV strain. The isolated strain underwent whole-genome sequencing, genetic evolution analysis, and pathogenicity testing in piglets to clarify the genetic evolutionary relationship and recombination events of the isolated strain and to assess its pathogenicity in 28-day-old piglets. The results of this study lay the foundational scientific groundwork for future prevention and control strategies against PRRSV in Sichuan Province. Firstly, our comprehensive genome-wide analysis of the isolated strains holds promise for identifying novel genetic markers. These markers could be instrumental in developing specific vaccines and diagnostic assays, meticulously tailored to combat potential NADC30 PRRSV outbreaks. Secondly, a deeper understanding of the unique mutation and recombination patterns of this virus could inform the creation of more targeted antiviral therapeutics. Furthermore, the pathogenicity assessment conducted in this study offers valuable insights into the virulence of this newly identified PRRSV variant, which is crucial for formulating effective disease management strategies.



2 Materials and methods


2.1 Sample collection and processing

In 2022, samples suspected of PRRSV infection, including serum, lung tissue, saliva swabs, semen, were collected from a pig farm in Chengdu, Sichuan Province, China. After subjecting the samples to three freeze–thaw cycles, where each cycle involved freezing at −80°C for 15 min followed by thawing at room temperature (26°C), 2 mL of PBS was added to the samples. They were then centrifuged at 12,000 rpm for 5 min at 4°C. Following centrifugation, the samples were stored in an ultra-low temperature freezer at −80°C for subsequent pathogen detection and virus isolation.



2.2 RNA extraction and reverse transcription

Total RNA was extracted from the samples using the AG RNAex Pro RNA extraction reagent (Accurate Biology Co., Ltd., Hunan, China), following the manufacturer’s instructions. Subsequently, cDNA was synthesized using the Evo M-MLV RT Kit (Accurate Biology Co., Ltd., Hunan, China) according to the manufacturer’s protocol. The reverse transcription reaction system and conditions are listed in Supplementary Table S1.



2.3 Primer design and PRRSV detection

The cDNA obtained from 2.2 was detected using RT-qPCR to confirm PRRSV positive. All primers used are listed in Table 1. All primers were synthesized by TsingkeBiotechnology Co., Ltd. (Chengdu, China).



TABLE 1 Information for detection primer.
[image: Table1]



2.4 Isolation and identification of PRRSV

To increase the volume of viral fluid for the isolation of PRRSV, we meticulously selected approximately 5 g of lung tissue that was confirmed to be PRRSV-positive using RT-qPCR. This tissue was finely minced using scissors and ground in a mortar. After adding PBS and undergoing three freeze–thaw cycles, the supernatant was collected and sterilized using a 0.22 μm filter, then stored at −80°C for later use. A 500 μL aliquot of the treated supernatant was added to a monolayer of Pams-163 (constructed, maintained and provided by the Animal Quarantine Laboratory of Sichuan Agricultural University) with a confluence of approximately 90%. After a one-hour incubation period, the supernatant was meticulously removed. The cells were subsequently incubated for 48 h in a 5% CO2 incubator at 37°C. Following this incubation, PRRSV was detected using a fluorescein isothiocyanate-labeled polyclonal antibody specifically targeting the PRRSV N protein (Bioss, Beijing, China).

In the subsequent phase, the purified viral fluid was subjected to a 10-fold serial dilution and inoculated onto a 96-well cell culture plate. Following a 5-day incubation at 37°C in a CO2-controlled environment, the cytopathic effect (CPE) induced by PRRSV was meticulously evaluated using an inverted microscope (Olympus Corporation, Tokyo, Japan). The CPE was characterized by notable changes in Pams-163 cells, including cell shrinkage, detachment, and the blurring of cellular boundaries. The 50% tissue culture infectious dose (TCID50) of PRRSV was calculated using the Reed-Muench formula based on the number of wells with CPE.

Purified viral isolates were used to sequence their entire genomes. To investigate the effect of multiplicity of infection (MOI) on the growth of PRRSV in Pams-163, we infected cells with MOI = 0.01 in triplicate. We incubated them for 1.5 h at 37°C. RPMI 1640 medium containing 2% serum was added for maintenance, and virus fluid was collected every 24 h and frozen at −80°C. After 144 h, the CPE induced by PRRSV was assessed. Subsequently, the TCID50 of PRRSV was determined using the Reed-Muench formula. A viral growth curve was constructed based on the titration results. The PRRSV strain isolated from Sichuan Province was designated as SCCD22.



2.5 Whole-genome sequencing and genetic evolution analysis of SCCD22

PRRSV RNA was extracted, and cDNA was prepared according to the above procedures. Subsequently, RT-qPCR was conducted to verify that the tested sample contained an adequate number of viral copies, thus ensuring its suitability for further analysis (the qPCR cycle threshold value was <25). Once confirmed, the sample was sent to Beijing Tsingke Biotech Company (Beijing, China) for whole-genome sequencing. Illumina sequencing technology was used with a coverage of 5,000, and the assembly method used was FastPlast v1.2.6. The complete genome sequence of SCCD22 was annotated and visualized using CGView.1 Phylogenetic tree was constructed using the distance-based neighbor-joining method with 1,000 bootstrap replicates in MEGAX software (Tempe, AZ, United States) for the purpose of genetic evolutionary analysis.



2.6 Genetic recombination analysis of SCCD22

The SCCD22 strain was compared with the full-genome sequences of representative strains from various lineages in Genbank for recombination analysis using RDP5.1 and SimPlot 3.5.1. Recombination breakpoints in the sequences were predicted using RDPv5.1. A recombination event was confirmed if it was supported by at least three of the following methods: RDP, GENECONV, MAXCHI, CHIMAERA, Bootscan, Siscan, and 3SEQ. Similarity comparisons were further performed using SimPlot 3.5.1 within a 200 bp sliding window along the genomic alignment (20-bp step), and the complete SCCD22 genome was selected as the query sequence, and the reference sequences were strains GZ106, ISU18, NADC 30, and CY2-1604.



2.7 Pathogenicity analysis of SCCD22

To strike a balance between statistical significance and practical limitations, we opted for a sample size of 10 piglets for the pathogenicity experiment. Ten weaned piglets (five males and five females, breed Yorkshire, approximately 4 weeks old), were purchased from Chengdu Wangjiang Agriculture and Animal Husbandry Technology Co., Ltd., and the weight variance among all piglets in the study was within a range of 500 g. After testing negative for both PRRSV antibodies and antigens, the piglets were randomly divided into two groups and housed in separate rooms. Their breed, number and grouping in the experiment with the 3R principle. All animals were housed under controlled conditions with a temperature of 26°C, humidity of 60%, and 12 h of light per day, with ad libitum access to water. Group 1 (infection group): five piglets received intranasal inoculation with virus solution (TCID50 = 105/mL), 2 mL per piglet. Group 2 (control group): five piglets received an intranasal inoculation of 2 mL of RPMI 1640 medium per piglet.

Following the virus inoculation, daily recordings were made of the rectal temperatures of the pigs, and their clinical manifestations were observed, such as appetite, mental state (presence of unconsciousness/coma), and respiratory condition. Clinical symptom scoring (Jiang et al., 2023) is detailed in Supplementary Table S2. Additionally, on days 3, 7, 10, and 14 post-inoculation, the pigs were weighed to calculate the average daily weight gain. These comprehensive assessments aimed to evaluate the impact of the viral infection on the health and welfare of the piglets and to provide insights into potential treatment strategies for this specific strain.

Blood samples were drawn from the anterior vena cava of the piglets using a 5 mL syringe at 0, 3, 5, 7, 10, and 14 days post-infection. Concurrently, nasal secretions were collected using cotton swabs. Subsequently, the shedding of the virus was detected using RT-qPCR. On days 7, 10, and 14, viremia was measured using the TCID50 method. This study aimed to gain a deeper understanding of the viral shedding and clearance mechanisms in piglets, thereby enhancing our understanding of how this specific virus strain interacts with its host.

Throughout the experiment, the survival of the piglets in each group was monitored. On day 14 post-infection, all piglets were humanely euthanized. Necropsies were immediately performed on the dead piglets to observe gross pathological changes in various organs. Lung tissues were collected and fixed in a 4% paraformaldehyde solution. After fixation, tissue embedding, paraffin sectioning, and hematoxylin and eosin (H&E) staining were performed for pathological examination. Additionally, the spleen, lungs, thymus, and lung lymph nodes were collected from each dissected piglet, and RT-qPCR was used to measure the viral load in these organs. The animal study was approved by the Animal Ethics Committee of Sichuan Agricultural University (Approval Number: 20220261).



2.8 Statistical analysis

Statistical analysis was performed with GraphPad Prism 8.0.2 (GraphPad Software, San Diego, CA, United States). All data were subjected to one-way ANOVA followed by t-tests to determine statistical significance. A value of p of less than 0.05 was considered statistically significant.




3 Results


3.1 Virus isolation and identification

PRRSV-positive specimens were inoculated onto monolayer Pams-163 and cultured in a 37°C CO2 incubator for 4–5 days. At 48 h post-inoculation with PRRSV, Pams-163 exhibited CPE, including cell shrinkage, irregular cell margins, increased refraction, and partial detachment (Figure 1A). In contrast, the control cells remained healthy and maintained distinct cell boundaries (Figure 1B). Pams-163 supernatant, which showed 80% CPE after six continuous passages, was subjected to RT-qPCR testing for PRRSV using the primers listed in Table 1. The isolated strain was identified as an NADC30-like strain (Figure 1C). PRRSV proliferation on Pams-163 was confirmed through immunofluorescence assay (IFA), which demonstrated green fluorescence surrounding the cell nuclei, while the negative control showed no fluorescence signal, indicating that the isolated PRRSV strain could proliferate on Pams-163 (Figure 1D).

[image: Figure 1]

FIGURE 1
 Isolation and Identification of the PRRSV isolate. (A) CPE diagram of Pams-163 infected with PRRSV isolate; (B) Blank control; (C) RT-qPCR results of the PRRSV isolate: (a) Amplification results of NADC30-like PRRSV (3 Replicates). (b) Amplification results for Highly Pathogenic-PRRSV, Classical PRRSV, NADC34-like PRRSV; (D) Results of indirect immunofluorescence assay.




3.2 Results of TCID50 determination

The CPE observed in each well of the 96-well plate was meticulously recorded. Subsequently, the TCID50 was calculated based on these observations using the Reed-Muench formula. As shown in Supplementary Table S3, the TCID50 of the PRRSV isolate was determined to be 10–6.5/0.1 mL.



3.3 Plotting of viral multi-step growth curves

By quantifying the TCID50 of the viral fluid at various time points, we constructed a correlation between the viral titers and time, thereby generating a multi-step growth curve for the virus (Figure 2). Our findings indicate that the titer of the isolate peaked at 72 h, reaching a value of 10–6.74/mL (MOI = 0.01), followed by a decreasing trend over time.

[image: Figure 2]

FIGURE 2
 Viral multi-step growth curves.




3.4 Phylogenetic and recombination analysis of PRRSV SCCD22


3.4.1 Whole-genome sequencing and annotation of PRRSV SCCD22

Utilizing Illumina sequencing technology, the whole genome of SCCD22 was sequenced, measuring 15,016 base pairs in length (GenBank accession number: OR670493.1). Visualization of the SCCD22 sequencing results using CGView revealed a GC content of 52.64% (Figure 3). The ORF1a and ORF1b regions constitute 75% of the entire PRRSV genome and are translated into two polyproteins, pp1a and pp1ab. The ORF2, ORF2b, ORF3, ORF4, ORF5a, ORF5, ORF6, and ORF7 regions encode the envelope proteins (E, GP2, GP3, GP4, GP5a, GP5, and M protein) and the nucleocapsid protein (N protein), respectively.

[image: Figure 3]

FIGURE 3
 Whole genome sequencing and annotation of PRRSV SCCD22.




3.4.2 Genetic evolution analysis of PRRSV SCCD22

To evaluate the genetic evolutionary relationships of PRRSV SCCD22 with reference strains from different lineages, we compared the nucleotide homology of SCCD22 with representative strains across various lineages (Table 2). The results indicated that SCCD22 shares a nucleotide identity ranging from 79.84 to 93.02% with strains CH-1a, JXA1, NADC30, NADC34, VR2332, and QYYZ, but only 58.60% with the LV strain, suggesting that SCCD22 belongs to PRRSV-2. Further comparative analysis revealed a close relationship between PRRSV SCCD22 and NADC30, with nucleotide and amino acid sequence identities in ORF1a, ORF1b, ORF3, ORF4, ORF5, ORF6, ORF7, and the 3’ UTR ranging between 81.70–97.30% and 84.38–98.85%, respectively.



TABLE 2 Sequence comparison results (in percentages) between PRRSV SCCD22 and other reference strains.
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A phylogenetic tree was constructed based on the ORF5 gene sequences (Figure 4), revealing that aside from PRRSV-2 strains, the remaining strains could be divided into four lineages based on the ORF5 gene. SCCD22 was classified within Lineage 1.8, showing the closest phylogenetic relationship with the CH/SCYB-1/2018 isolate from Yibin, China.

[image: Figure 4]

FIGURE 4
 Phylogenetic tree based on PRRSV ORF5 gene.


Comparison of the NSP2 amino acid sequence of SCCD22 with representative strains indicated that SCCD22, compared to the VR-2332 strain, exhibited three discontinuous deletions in NSP2 (111aa, 1aa, and 19aa) (Supplementary Figures S1A,B), aligning it with other NADC30-like strains.

Representative strains of different PRRSV lineages were selected to analyze ORF5 amino acid sequence variation. As shown in Figure 5, the results indicated that compared with the NADC30 strain, SCCD22 exhibits the greatest variation in the hypervariable region (HVR) 2, with a mutation in the 56-58aa NEH to QER. Additionally, a serine deletion was observed at position 33 in the hypervariable region 1 (HVR1).

[image: Figure 5]

FIGURE 5
 Comparison of ORF5 amino acid sequences among representative strains of PRRSV from different lineages.




3.4.3 Recombination analysis of PRRSV SCCD22

Recombination events were predicted using RDPv5.1 and supported by at least three assays. Sequence similarity plotting was also performed using SimPlot 3.5.1 within a sliding window of 200 bp. The results (Table 3 and Figure 6) indicate two recombination events in the isolate SCCD22. In the first event, with GZ106 (sublineage 8.7) and ISU18 (sublineage 1.5) as the major and minor parents respectively, SCCD22 demonstrated a high sequence similarity to GZ106 in the 1,028–3,290 nt region. This region included a portion of the NSP2 coding area, where all seven detection methods of RDP5 identified significant p values. In the second event, with NADC30 (lineage 1.8) and CY2-1604 (lineage 1.8) as the major and minor parents, SCCD22 showed high similarity to CY2-1604 in the 9,985–12,279 nt region, which encompasses parts of the NSP10 to NSP12 coding areas, with all seven RDP5 detection methods again detecting p values.



TABLE 3 Summary of crossover events in SCCD22 identified by RDP5.
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FIGURE 6
 Genomic recombination analysis of SCCD22 using SimPlot. (A) GZ106 and ISU18were used as major and minor parents, respectively; (B) NADC30 and CY2-1604 were used as major and minor parents, respectively. Solid red lines indicate the recombination breakpoints; the locations are shown at the bottom.





3.5 Pathogenicity analysis of SCCD22


3.5.1 Changes in clinical symptoms of piglets

After inoculation, a significant increase in body temperature was observed in the piglets, commencing from day 1 (Figure 7A). The temperature peaked at 41.2°C on the fourth day. Starting from day 4, all piglets in the inoculated group experienced sustained fever for 8 days, with temperatures consistently above 40°C. After day 12, there was a noted decline in the body temperature of the inoculated piglets. In contrast, the control group piglets exhibited no abnormal temperature fluctuations throughout the experiment.

[image: Figure 7]

FIGURE 7
 Clinical symptoms of the pathogenicity test in piglets. (A) Rectal temperature changes of piglets; (B) Body weight of piglets; (C) Clinical scores of piglets in each group during the whole experiment (D) Pigs in the Control group; (E) Pigs in the Challenge group. Significant differences are marked with asterisks, *p < 0.05.


Body weight measurements were conducted on days 3, 7, and 14 post-inoculation (Figure 7B). In the initial 3 days following inoculation, the body weights of the control and challenge groups showed no significant differences. However, from day 7, the body weight of the challenge group was significantly lower than that of the control group (p < 0.05). By day 14, the average weight of the control group piglets was 2.544 Kg heavier than the challenge group. These findings indicate that the isolate SCCD22 is capable of inhibiting weight gain in piglets.

After the challenge, we meticulously tracked and recorded the clinical symptoms in piglets from each group (Figure 7C). The challenge group piglets exhibited increasingly severe symptoms over time. In contrast, the control group piglets displayed no significant clinical symptoms (Figure 7D). From day 3, the challenge group piglets began showing decreased appetite and intermittent, mild coughing. On day 7, these piglets started clustering together, with a notable reduction in appetite, and some exhibited symptoms such as coughing, lethargy, and disheveled fur. Individual piglets showed distinct symptoms, including redness around the ears and abdominal breathing. On day 14, the piglets in the challenge group were characterized by rapid breathing, unkempt fur, and minimal food intake. Among them, one piglet displayed particularly severe symptoms, including emaciation, cessation of feeding, and respiratory distress (Figure 7E).



3.5.2 Shedding of virus and changes in blood virus titers in piglets

The process of viral shedding in piglets and the changes in blood viral titers are shown in Figure 8. The serum viral load peaked on the fifth day post-infection at 3.65 × 105 copies/mL, subsequently stabilizing above 8.69 × 104 copies/mL until the end of the experiment (Figure 8A). Nasal swabs showed a peak viral concentration of 1.32 × 104 copies/mL on the seventh day post-infection, followed by a decline (Figure 8B). The viral titers in serum on days 7, 10, and 14 post-infection were 10–4.2, 10–4.4, and 10–4.8 TCID50/mL, respectively, indicating a progressive intensification of viremia in piglets (Figure 8C).

[image: Figure 8]

FIGURE 8
 Shedding of virus and changes in blood virus titers in piglets after challenge. The amount of virus in serum (A) and nasal swabs (B); Virus titers in the serum (C).




3.5.3 Assessment of viral loads in organs post-dissection and pathological observations

In the control group, the piglets exhibited no visible lung abnormalities upon visual inspection (Figure 9A). Pathological section analysis revealed a normal lung structure with clear alveolar architecture. There were no signs of marked alveolar collapse or thickening of the alveolar walls, nor was there any congestion or expansion in the interstitial spaces or infiltration of inflammatory cells (Figure 9A).

[image: Figure 9]

FIGURE 9
 The pathological changes in the piglets’ lungs and the results of viral load testing after SCCD22 challenge. (A) Lung and histopathological sections from the control group; (B) Lung and histopathological sections from the challenged group; (C) Results of viral load in the organs of piglets from the challenge group.


In contrast, piglets in the challenge group predominantly displayed clear signs of pneumonia, characterized by either focal or diffuse distribution of lesions. The lesions varied in color from tan to dark purple, with some lung tissues undergoing consolidation and displaying a fish-scale pattern due to widened pulmonary interstitium (Figure 9B). Histopathological examination revealed an abnormal overall lung tissue structure. There was a significant increase in the width of the alveolar septa, resulting in substantial thickening, as indicated by yellow arrows. Additionally, conspicuous infiltration of inflammatory cells was observed, as indicated by black arrows (Figure 9B).

Viral loads in the spleen, lungs, thymus, and lung lymph nodes were quantified using RT-qPCR (Figure 9C). The highest viral concentration was observed in the lungs, followed by the lung lymph nodes and thymus, with the spleen registering the least viral presence. These results provide pivotal insights into the distribution and replication of the NADC30-like PRRSV recombinant strain in piglet organs, thereby advancing our understanding of its pathogenesis and transmission dynamics.





4 Discussion

Since its initial report in China in 2013, NADC30-like PRRSV has become widespread and shown an increasing annual clinical detection rate (Wang et al., 2017; Tu et al., 2023). Notable representative strains within China included HENAN-XINX (GenbankID: KF611905) and JL580 (GenbankID: KR706343). These strains exhibit a genomic homology of 86.7–87.8% with the U.S. isolate MN184A from 2001 (GenbankID: DQ176019), and 92.8–95.4% with the U.S. isolate NADC30 from 2008. Moreover, when compared with other strains like CH1a, jb-4, JXA1, and QYYZ, their homology varied between 82.2 and 87.2%. Similar to the U.S. isolates MN184A and NADC30, the Chinese NADC30-like strains also demonstrated the same NSP2 deletion pattern, including a discontinuous deletion of 131 amino acids (Zhao et al., 2015; Zhou L. et al., 2015; Li et al., 2016). The recurrence of this specific deletion across different geographic isolates may suggests its significance in the viral biology and pathogenesis, offering insights into potential targets for vaccine development and disease management strategies.

Several studies have demonstrated that recombination plays a pivotal role in the pathogenicity and genetic diversity of NADC30-like PRRSV in China. Notably, the virulence of these recombinant strains tends to be intermediate compared to their parental strains (Yu et al., 2021). Recombinant mutations observed in China’s NADC30-like PRRSV strains have undermined the cross-protective efficacy of existing vaccines, thereby posing significant challenges to the control and prevention of PRRSV in the region. Over recent years, our team has focused on collecting a wide array of PRRSV clinical samples to investigate the prevalence of the virus. Previous studies have reported an annual increase in the prevalence of NADC30-like PRRSV, particularly in Sichuan Province, China (Tu et al., 2022, 2023; Jiang et al., 2023). In a notable development, we isolated a mutant PRRSV strain from a clinical sample collected in 2022. This strain was named SCCD22 and contained recombinant fragments. Full genome sequencing revealed that SCCD22 is 15,016 bp in length, with a 93.02% genomic identity to NADC30. An evolutionary tree constructed based on ORF5 was used to classify SCCD22 into lineage 1.8 (NADC30-like PRRSV). This discovery adds a new dimension to our understanding of the viral evolution and spread, highlighting the need for continued surveillance and research in this field.

The NSP2 is one of the most variable regions in the PRRSV genome and is frequently targeted for monitoring genetic mutations in PRRS. Compared with VR2332, HP-PRRSV exhibits a discontinuous deletion of 30 amino acids (1aa + 29aa) in the NSP2 coding region (Tian et al., 2007), while NADC30-like PRRSV shows a discontinuous deletion of 131 amino acids (111aa + 1aa + 19aa) (Brockmeier et al., 2012), and NADC34-like has a continuous deletion of 100 amino acids (Bao and Li, 2021). In our analysis of the NSP2 amino acid sequence of the SCCD22 strain, we observed three discontinuous deletions (111aa, 1aa, and 19aa) compared with VR2332. This deletion pattern aligns with that of the NADC30-like PRRSV. This pattern merits further investigation as a marker for PRRSV surveillance and as a target in recombinant strain vaccine design. Additionally, the analysis of the amino acid sequence derived from the ORF5 gene showed significant variations in SCCD22 compared with the NADC30 strain, with the most substantial variation in HVR2, where amino acids 56–58 NEH were mutated to QER; and a Serine was deleted at position 33 in HVR1. These mutations and deletions highlight the ongoing and complex variability of PRRSV strains. This continuous genetic evolution presents a persistent challenge to the development and efficacy of control measures in the swine industry, particularly in China. Our study identified novel amino acid deletions and mutations in the SCCD22 strain, which have not been previously reported in the literature. These genetic alterations are potentially crucial for understanding the dynamic evolution of the virus’s pathogenicity. Furthermore, they could provide invaluable insights for the development of more effective vaccines and diagnostic methods, enhancing our ability to combat this evolving pathogenic threat.

Relative to other prevalent strains of PRRSV in China, the lineage 1.8, also known as NADC30-like PRRSV, demonstrates a heightened propensity for recombination and diverse pathogenicity. A review analyzing the pathogenicity of recombinant NADC30-like PRRSV prevalent in China indicated that the virulence of these domestic NADC30-like PRRSV is closely linked to their recombinant regions and the inherent virulence of the parental strains contributing to these segments (Yu et al., 2021). This study identified two notable recombination events in the SCCD22 isolate, specifically at 1028–3290 nt in the NSP2 and 9,985–12,279 nt in the NSP10 ~ 12. Concurrently, SCCD22 shows high similarity to GZ106 (sublineage 8.7) in the 1,028–3,290 nt, and to CY2-1604 (lineage 1.8) in the 9,985–12,279 nt, suggesting that the isolate SCCD22 may be a recombinant derivative of domestic NADC30-like (lineage 1.8) and JXA1-like (sublineage 8.7) strains. This intermingling of genetic traits from different lineages underscores the dynamic and complex nature of PRRSV evolution in China and highlights the continuous need for vigilant monitoring and in-depth genomic analyses to effectively manage and control this virus. In addition, this underscores the necessity for broadened surveillance, encompassing multiple lineages, to prevent and manage recombinant strain emergence effectively. Our investigation led to the discovery of novel recombination events in the NADC30-like PRRSV strain that have been previously undocumented in the scientific literature. These unique recombination events are important for elucidating the evolution of viral pathogenicity.

We further investigated the pathogenicity of SCCD22 in piglets. Our findings indicated that piglets in the challenge group exhibited elevated body temperatures with prolonged fever, reduced appetite, and rough coat conditions. Despite these clinical manifestations, there was no mortality was observed in piglets throughout the duration of the challenge. However, it was evident that the SCCD22 had a significant impact on the overall growth performance and weight gain of the piglets. This observation suggests that, in the absence of secondary infections, SCCD22 may not be directly responsible for post-weaning mortality in piglets. This finding is particularly relevant for understanding the clinical impact of PRRSV strains. Necropsies and histopathological examinations revealed that infection with SCCD22 in piglets led to typical pulmonary pathological changes characteristic of PRRSV infection. These changes included discernible alterations in the lung tissues, reinforcing the understanding that the lungs are the primary target organ for PRRSV. Moreover, after challenge, the piglets’ serum and nasal swabs showed prolonged viral shedding, and there was a gradual exacerbation of viremia. These findings underscore the persistence and potential for transmission of SCCD22, providing valuable insights into the pathogenic nature of this particular PRRSV variant. NSP2, a key component associated with viral packaging, manifests in various subtypes on the viral envelope and plays a pivotal role in the fusion process during the packaging of the Porcine Reproductive and Respiratory Syndrome Virus (PRRSV) (Zhao et al., 2018). NSP10, functioning as a helicase in PRRSV, is crucial for the unwinding of double-stranded RNA (dsRNA) and RNA synthesis during the virus’s replication cycle, thus being indispensable for effective virus replication (Bautista et al., 2002). NSP11 exhibits RNA endoribonuclease activity and deubiquitinating functions (Nedialkova et al., 2009; Fang and Snijder, 2010; Wang et al., 2015), while NSP12 promotes viral replication (Wang et al., 2015; 2019; Bai et al., 2020). In the case of SCCD22, the identified recombination events involving NSP2 and NSP10-12 are likely to have significant implications for the packaging and replication processes of PRRSV. This understanding is a critical part of our ongoing research on the behavior and pathogenicity of the virus. Our future research will aim to conduct in vivo/vitro studies to determine how these recombination events affect the pathogenicity of NADC30-like PRRSV. Furthermore, by acknowledging the coexistence of multiple PRRSV lineages, our study focused on investigating the epidemiology of PRRSV. This includes closely monitoring of the viral potential for recombination and its pathogenicity in the aftermath of such genetic exchanges. These efforts are crucial for advancing our understanding of PRRSV and developing more effective strategies for its control and management. Additionally, our challenge experiment design faced certain limitations. In the control group, the use of RPMI 1640 medium to inoculate piglets was not the optimal approach. A suspension of uninfected Pams-163 cells would have been a more appropriate choice. However, the swine-feeding site is characterized by a lack of facilities suitable for cell culture and preservation. Moreover, the significant distance between our laboratory and the swine-feeding site introduced logistical complexity. This is particularly relevant because extended transportation can detrimentally affect the viability of Pams-163 cells. In our methodology, the RPMI 1640 medium was employed as the foundational medium for both the viral cultures and the Pams-163 cell cultures in the negative control group, aligned with our experimental design parameters. Given these considerations, and to maintain consistency and control within our experimental framework, we used the RPMI 1640 medium as a negative control.

In summary, we successfully isolated and reported a new strain of NADC30-like PRRSV, which we designated as SCCD22. Our research encompassed a thorough analysis of this strain, delving into its genetic evolution, conducting a detailed recombination analysis, and assessing its pathogenicity. The insights gained from this study lay a crucial theoretical foundation for future advancement in this field. These findings are important for guiding the development of vaccines that specifically target NADC30-like PRRSV strains. Our research contributes valuable knowledge for broader efforts to control and prevent PRRSV infection. First, our findings can aid in the refinement of diagnostic assays. By incorporating newly identified genetic markers, these assays can become more sensitive and specific for detecting NADC30-like strains, enabling early detection and more effective management of outbreaks. Second, the unique genetic characteristics of the SCCD22 strain provide markers that can be used in molecular epidemiological studies. This can help track the spread and evolution of the virus, informing public health decisions and strategies for disease management. Third, understanding the specific mutations and recombination patterns in SCCD22 can guide the development of antiviral drugs that are more effective against these specific genetic profiles.
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Introduction: Porcine Reproductive and Respiratory Syndrome virus (PRRSV) causes high abortion rates in gestating sows and stillbirths, as well as high piglet mortality, seriously jeopardizing the pig industry in China and worldwide.

Methods: In this study, an infectious clone containing the full-length genome of NADC34-like PRRSV was constructed for the first time using reverse genetic techniques. The gene was amplified segmentally onto a plasmid, transfected into BHK-21 cells, and the transfected supernatant was harvested and transfected into PAM cells, which showed classical cytopathic effects (CPE).

Results: The virus rJS-KS/2021 was successfully rescued which could be demonstrated by Western Blot and indirect immunofluorescence assays. Its growth curve was similar to the original strain. Replace the 5’UTR and 3’UTR of rJS-KS/2021 with 5’UTR and 3’UTR of HP-PRRSV (strain SH1) also failed to propagate on MARC-145.

Discussion: In this study, an infectious clone of NADC34-like was constructed by reverse genetics, replacing the UTR and changing the cellular tropism of the virus. These findings provide a solid foundation for studying the recombination of different PRRSVs and the adaption of PRRSVs on MARC-145 in the future.
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1 Introduction

Porcine reproductive and respiratory syndrome (PRRS) is an acute infectious ailment primarily recognized by clinical manifestations such as late abortion, stillbirth, respiratory distress (interstitial pneumonia), and high mortality rates among pigs, particularly piglets in affected sows (An et al., 2020). This virus causes persistent infections characterized by prolonged viremia, escalated macrophage phagocytosis, and dependence on antibody response (Ouyang et al., 2019). PRRSV is an enveloped and single positive-stranded RNA virus classifying in the family Arteriviridae, together with Equine Arteritis Virus, Lactate Dehydrogenase Elevating Virus and Simian Hemorrhagic Fever Virus (Tian, 2017). With an approximate genome length of 15 kilobases (kb), it comprises a minimum of 10 open reading frames (ORFs) and flanking untranslated regions at the 5′ and 3′ ends of the genome (Shanmukhappa and Kapil, 2001; Sun et al., 2018). Secondary structures in the 5’UTR and 3’UTR of PRRSV have important effects on PRRSV replication and transcription (Wootton et al., 2000). ORF1a and ORF1b encode a minimum of 16 non-structural proteins (Nsps) linked to replication. ORF2a, ORF2b, ORF3–5, ORF5a, ORF6, and ORF7 encode eight viral structural proteins (Pujhari and Zakhartchouk., 2016; Liu et al., 2019). Notably, ORF5 has been extensively used in molecular epidemiologic research, as well as for the classification of PRRSV field strains due to its marked genetic variation (Larochelle et al., 2003; Zhu et al., 2021; Yim-Im et al., 2023). Owing to this genetic divergence, PRRSV was divided into two primary genotypes—genotypes 1 and 2, recognized as the European type and the North American type, respectively (Bálint et al., 2021; Wang et al., 2021). Although the clinical symptoms and onset time of these two genotypes are similar, the genome sequences of these two genotypes are only 60% homologous (Li et al., 2022).

PRRSV was first isolated in North America in 1987 and subsequently in the Netherlands, exerting a significant impact on the global swine industry for nearly four decades (Zhao et al., 2018; Wu et al., 2022). Recently, NADC34-like PRRSV has been reported in the United States, China, and Peru and is agreed to be the cause of a large number of clinical abortions (Trevisan et al., 2021; Zhao H. Z. et al., 2022). The pathogenicity of NADC34-like PRRSV in piglets within the United States exhibits a significant degree of variability (Xu et al., 2020). A strain belonging to sublineage 1.5 named NADC34 appear in the United States in 2014 (Kim et al., 2022), which resulting in mass abortion of sows and high mortality of piglets (Xu et al., 2023). It is worth noting that the Nsp2 (non-structural protein 2) gene of the NADC34 strain carries a sustained deletion spanning 100 amino acids (Zhenhua et al., 2018; Xie et al., 2021). The continuous introduction of foreign breeding pigs has led to the recombination of new strains with locally prevalent strains, promoting the diversity of PRRSV (Zhang et al., 2018; Tu et al., 2023). Currently, NADC34-like strains in China account for 11.5 and 28.6% of positives in 2020 and 2021, respectively, demonstrating their pervasive dissemination across at least nine provinces, including Liaoning, Heilongjiang, Fujian, Henan, Sichuan, Jiangsu, Jilin, Hebei, and Shandong (Yuan et al., 2022; Zhao J. et al., 2022). Those indicate the prevalence of NADC34-like PRRSV in China. Intriguingly, The NADC34-like PRRSV strains in Sichuan have different molecular genetic characteristics from other NADC34-like PRRSV strains in China (Xu H. et al., 2022), displaying divergent patterns of amino acid deletion beyond the previously noted 100-amino acid deletion in Nsp2 (Zhang H. et al., 2023). This intricacy contributes to the increased complexity of NADC34-like PRRSV in its native environment (van Geelen et al., 2018). Apart from the documented recombination events, the pathogenicity of NADC34-like PRRSV in the Chinese setting remains elusive. The NADC34-like variant, characterized by substantial mutational alterations, significantly reduced homology, and complex recombination with native Chinese strains, displays a nuanced and intricate landscape for further research (Zhou et al., 2023). Chinese NADC34-like PRRSV exhibits a complex recombination pattern, but as of 2019, it has not recombined with native Chinese strains (Zhao J. et al., 2022). Since 2020, recombination events between NADC34-like viruses and native strains of other lineages have occurred in China. NADC34-like strains have undergone rapid mutations in the Nsp2 region (Xue et al., 2021; Xia et al., 2023). An intricate deletion pattern in the Nsp2 region further distinguishes Chinese NADC34-like strains.

In modern virology, reverse genetic technology is an important tool for the study of RNA viruses, which can produce the genome of the virus from cDNA, and replicate and transcribe it. Technological advancements in PRRSV genome manipulation via reverse genetics have enabled the precise introduction of mutations and deletions in particular genomic areas (Chae et al., 2023). In 1998, the reverse genetic platform of PRRSV-I classical LV strain has been successfully constructed. The full-length LV strain genome was inserted into the pOK12 vector, containing the T7 promoter, as part of the construction strategy. This construction was further transfected into baby hamster kidney-21 (BHK-21) cells. Subsequently, transfected supernatant was harvested and inoculated into MARC-145 cells, resulting in typical cytopathic effects (CPE) following several generations of culture (Meulenberg, 2000). Currently, this system has been widely used in viral genome replication and transcription, virulence, target cell infection, pathogenesis, and immune response, opening up new avenues for molecular research on PRRSV. Several studies have reported that a number of reverse genetic platforms of PRRSV-2 strains have been successfully constructed, including VR-2332, HuN4-F112, and JXwn06 (Zhengda et al., 2022).

In order to further understand the growth characteristics of the virulent strains as well as the pathogenic mechanism, we constructed an infectious clone of NADC34-like PRRSV by reverse genetics to provide a platform for the subsequent study of the vaccine.



2 Materials and methods


2.1 Cells, strains, and vectors

The MARC-145 and BHK-21 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and antibiotics. Porcine alveolar macrophages (PAMs), the primary target cell for PRRSV, were prepared from lung lavage of specific pathogen-free piglets. PAMs were maintained in Roswell Park Memorial Institute 1,640 medium (RPMI-1640, Gibco, ThermoFisher Scientific, Waltham, MA, United States) supplemented with 10% FBS and antibiotics. The PRRSV isolates [JS-KS/2021 (Zhou et al., 2022)] and the pACYC177 vector were stored at-80°C.



2.2 Construction of a full-length cDNA clone

The total RNA from the supernatants of PAM cells at 72 h post-infection (hpi) was used by AG RNAex Pro Reagent (Accurate Biology, Hangzhou, China). The cDNA was synthesized using a M-MLV(H-) Reverse Transcriptase. Specific primer pairs (Table 1) were designed based on the whole genome length to amplify five fragments covering the entire JS-KS/2021 strain genome using a 2× Hieff polymerase chain reaction (PCR) Master Mix (Yeasen Biotechnology, Shanghai, China). The amplification method was performed per the manufacturer’s instructions, and the PCR-amplified fragments were gel-purified. Further, four fragments of the viral genome were fused to produce two new fragments by two-step fusion PCR. Following double digestion of the pACYC177 vector with the appropriate restriction enzymes, the three fragments of the viral genome were inserted into the pACYC177 vector using a homologous recombination kit following the instructions. The scheme used for the construction of a full-length cDNA clone of the JS-KS/2021 strain is indicated in Figure 1A. On the pACYC177 vector, the cytomegalovirus (CMV) promoter was added before the target fragment insertion position, and hepatitis delta virus ribozyme (HDVRz) was added at a subsequent position using primers. Eventually, the completely assembled full-length cDNA clone was sequenced to verify its accuracy and integrity.



TABLE 1 Primers used in this study.
[image: Table1]
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FIGURE 1
 Strategy to construct the full-length cDNA clone of NADC34-Like PRRSV JS-KS/2021 strain. (A) Scheme of the NADC34-like PRRSV JS-KS/2021 genome and assembly strategy. The NADC34-like PRRSV JS-KS/2021 genome was divided into five fragments and synthesized. CMV: cytomegalovirus promoter; HDVRz: hepatitis delta virus ribozyme. (B) Gel analysis of the five purified cDNA fragments. The P1-P5 fragments were obtained by polymerase chain reaction (PCR) amplification and gel purification. (C) The 5’UTR (189 bp) and 3’UTR (155 bp) of HP-PRRSV SH1 were extracted by PCR. (D) Infectious clones were verified by NotI and SgrAI digestion. (E) Scheme of pJS-KS/2021–53 by replace the 5’UTR and 3’UTR of rJS-KS/2021 with 5’UTR and 3’UTR of HP-PRRSV strain SH1.




2.3 Construction of recombinant strains with 5’UTR and 3’UTR substitutions

Replace the 5’UTR and 3’UTR of rJS-KS/2021 with 5’UTR and 3’UTR of HP-PRRSV (strain SH1). The 5’UTR and 3’UTR fragments of HP-PRRSV SH1 were amplified by PCR (Figure 1C). The plasmid of the infectious clone constructed was named pJS-KS/2021–53. The scheme of construction could be seen in Figure 1E.



2.4 Virus rescue

BHK-21 cells at ~80% confluence in a 24-well culture plate were transfected with 1 μg of a full-length cDNA clone using TurboFect™ transfection reagent (ThermoFisher Scientific, Waltham, MA, United States) according to the manufacturer’s instructions. At 24 h post-transfection (hpt), culture supernatant was harvested to infect PAMs seeded in a 24-well culture plate 1 days ahead. CPE were monitored daily to identify the successful rescue of the virus. Around 4 days post-infection (dpi), the culture supernatant was harvested as F1 virus and stored at-80°C.



2.5 Viral growth curve

The confluent PAMs cells in a 24-well culture plate were inoculated with JS-KS/2021, rJS-KS/2021 and rJS-KS/2021–53 at a multiplicity of infection (MOI) of 0. 1. Cells were incubated with virus supernatant diluted with RPMI-1640 for 2 h, then washed twice with 1 × PBS, and cultured with 500 μL RPMI-1640 supplemented with 2% FBS. Virus supernatants were harvested at 0, 12, 24, 36, 48, 60, 72, 84 and 96 hpi for virus titration by TCID50. The viral growth curves were created with GraphPad Prism 8.



2.6 Indirect immunofluorescence assay

BHK-21 cells were infected with PRRSV at a multiplicity of infection (MOI) of 0.1 and subjected to immunofluorescence assays at 48 hpi. The cells were fixed with 4% paraformaldehyde at room temperature for 30 min and blocked with 5% bovine serum albumin at room temperature for 1 h. For the detection of N protein expression, cells were incubated with an anti-N monoclonal antibody (Lu et al., 2020) at 37°C for 1 h. After three washes, the cell monolayers were stained with FITC-labeled goat anti-mouse IgG. Cell nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) solution (Solarbio Life Sciences, Beijing, China) for 5 min at room temperature. After extensive washes with 1 × PBS, fluorescent images were captured with epifluorescence microscope.



2.7 Western blot

Cellular specimens were harvested and lysed using radio-immunoprecipitation assay buffer comprising 50 mM Tris, pH 7.2, 150 mM NaCl, 1% sodium deoxycholate, and 1% Triton X-100. Following lysate preparation, protein samples were separated on 12% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) gels and were subsequently transferred onto nitrocellulose filter membranes (NC, Cytiva, Washington, United States). The purified blots were incubated with mouse anti-PRRSV N protein (N) antiserum (1,500) at 4°C overnight, followed by treatment with HRP-conjugated goat anti-mouse IgG (1,500 in TBST, TransGen, Beijing, China) at 37°C for 50 min. Signals were detected using the ECL chemiluminescent detection system (Tanon, Shanghai, China) per the manufacturer’s instructions, and resultant images were captured using the Western Blotting imaging system (Tanon, Shanghai, China).



2.8 Statistical analysis

The experimental procedures were performed through at least three independent replicates. All acquired data were analyzed using GraphPad Prism 8. The quantified values were indicated as the mean ± standard deviation. Differences were analyzed for statistical significance using two-tailed unpaired t test for two groups or multiple comparison one-way variance (ANOVA) for more than two groups. p < 0.05 was considered statistically significant.




3 Results


3.1 Construction of the full-length infectious cDNA clone

The extraction of viral genomic RNA from the JS-KS/2021 strain followed by reverse transcription to synthesize cDNA, then initiated the generation of a full-length infectious cDNA clone. The resulting viral genome was partitioned into five fragments, denoted as P1-P5, with lengths of 3,016, 2,991, 2,953, 2,811, and 3,565 bp, respectively, as visually presented in Figure 1A. Notably, the observed fragment sizes matched with the anticipated values, as indicated by the congruence displayed in Figure 1B. Following this validation, the fragments were incorporated into a pACYC177 vector, resulting in the successful construction of a full-length cDNA viral plasmid, thereafter referred to as pJS-KS/2021. Its aggregate length was approximately 18.8 kb. Enzymatic digestion of pJS-KS/2021 was verified with NotI and SgrAI restriction endonucleases, yielding a viral genome of approximately 15 kb (Figure 1D). The results showed that the full-length genome of JS-KS/2021 was successfully inserted into the vector. The efficacy of the reverse genetics system was further validated by the successful rescue of the infective rJS-KS/2021 virus.



3.2 The infective rJS-KS/2021 virus was successfully rescued using the reverse genetics system

The full-length infectious clone of pJS-KS/2021 was transfected into BHK-21 cells by DNA transfection. At 48 hpi, N protein expression was detected by IFA in cells transfected with rJS-KS/2021 clone (Figure 2B). The N protein expression of the rescued virus and the parental virus was analyzed in PAM cells, the target cells of PRRSV. The findings reveal these viruses could exhibit specific green fluorescence in PAM cells (MOI = 0.1). This finding substantiates the robust expression of the N protein in the target cells by the rJS-KS/2021.
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FIGURE 2
 Validation of rJS-KS/2021 and rJS-KS/2021–53. (A) Cytopathic effects (CPE) in porcine alveolar macrophages (PAM) cells were observed with rJS-KS/2021 and rJS-KS/2021–53. Classical CPE was observed at 72 hpi compared to negative controls. (B) Immunofluorescence staining against the N protein in PAM cells at 48 hpi with JS-KS/2021, rJS-KS/2021 and rJS-KS/2021–53 (MOI = 0.1); mock-infected cells (PAM cells) were used as a negative control. Scale bar =100 μm.


The harvested virus supernatants were further passaged to target cells. MARC-145 cells were used to isolated the virus, but no CPE was observed after incubation for 5 days. After three passages in MARC-145 cells, there was still no CPE. The Reverse Transcription-Polymerase Chain Reaction (RT-PCR) analysis showed that the cell culture was PRRSV-negative. PAMs were then used to isolate the virus with the same sample. At 72hpi, the PAMs showed clustering, detachment, and partial lysis (Figure 2A). In contrast, PAM cells in the blank control group were singly dispersed and morphologically intact. The RT-PCR analysis showed that the cell culture was PRRSV-positive, which was shown to amplify the target bands of the expected size. The sequence of ORF5 of rJS-KS/2021 F3 was verified by sequencing to be the same as ORF5 of the primary virus. The virus was then tried to culture in MARC-145 cells again, but no obvious CPE was observed even after five blind passages. The result indicated that rJS-KS/2021 was unable to propagate in MARC-145 cells.



3.3 In vitro characterization of the rescued virus rJS-KS/2021

Next, a multiple-step growth curve was performed to characterize the rescued virus. Virus supernatants harvested at 0, 12, 24, 36, 48, 60, 72, 84, and 96 hpi were titrated in PAMs. Based on virus titration results, the parent virus JS-KS/2021 and rescued virus rJS-KS/2021 exhibited similar growth trends and reached their peak titers (104.34 TCID50/mL and 104.61 TCID50/mL) at 72 hpi, although virus titers of JS-KS/2021 were about 0.3 logs lower than these of rJS-KS/2021 at each time (Figure 3A).
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FIGURE 3
 Viral characteristic analysis for rJS-KS/2021 and rJS-KS/2021–53. (A) Virus growth kinetics in porcine alveolar macrophages (PAMs). Data are represented by mean ± standard deviation of three independent experiments. (B) Western blot analysis of N protein in the virus with JS-KS/2021, rJS-KS/2021 and rJS-KS/2021–53 with specific antibodies against N proteins.


Following infection of PAM cells with rJS-KS/2021, cellular samples were harvested at 24 hpi for subsequent western blot assays. The findings of these assays revealed minimal disparity in N protein expression between the rescued virus and the parental virus, JS-KS/2021, as depicted in Figure 3B.



3.4 Characterization of the recombinant virus

The recombinant virus was rescued by DNA transfection of BHK-21 cells. By replacing the 5’UTR and 3’UTR associated with replication capacity, with a view to improving the replication capacity of the virus on PAMs as well as its adaptation at MARC-145. A representative schematic for construction of full-length cDNA clone of rJS-KS/2021–53 was denoted in Figure 1E. Thereafter, the growth characteristics of the recombinant strain were determined. Similarly, the observed band sizes after gel electrophoresis were in accordance with the expected values (Figure 1C). At 72 hpi, typical CPE similar to rJS-KS/2021 were seen on PAMs (Figure 2A), however, no obvious CPE was observed on MARC-145.

The recombinant strain expressed slightly more N protein than rJS-KS/2021(Figure 2B), and we obtained the same result when virus supernatants were harvestred from infected PAMs 24 hpi for western blot assay. This shows that the recombinant strain has a slightly higher replication ability than rJS-KS/2021 at the early stage of viral infection. But when PAMs cells were infected at MOI = 0.1 for the growth curve analysis, the recombinant strain replicates faster at the early stage and reaches a high titer at 72 hpi compared to rJS-KS/2021. The viral titer after 72 hpi tends to stabilize, and higher than rJS-KS/2021. These results demonstrate that replacing the 5’UTR and 3’UTR of HP-PRRSV improves the replication ability of the recombinant strain, but does not change the fitness of the recombinant strain on MARC-145.




4 Discussion

NADC34-like PRRSV was reported for the first time in 2017 in the pig farms of Liaoning Province in China (An et al., 2020). The virus was identified as the causal agent of the symptoms of late abortion, stillbirth, dry or weak fetuses, respiratory distress (interstitial pneumonia) and high mortality in pigs of different ages, especially piglets (Xu Y. et al., 2022). Another way PRRSV affects pigs is through an increased incidence of secondary bacterial infections, including Haemophilus parvum, Pseudomonas multiforme, and Pseudomonas pleuropneumoniae (Bao and Li, 2021; Zhang W. et al., 2023). To date, infections and outbreaks caused by PRRSV have not been well controlled and prevented and thus remain prevalent in numerous countries, and particularly, the emergence of mutants or new strains occasionally causes outbreaks and re-emergence of the disease (Ma et al., 2022). The continuous introduction of foreign breeds has resulted in the recombination of new strains with locally prevalent strains, promoting the diversity of PRRSV (Xia et al., 2023). However, the pathogenicity of NADC34-like PRRSV in China remains elusive (Rawal et al., 2023).

The detection rate of NADC34-Like PRRSV has been on the rise in recent years. In 2017–2019, the PRRSV positivity rate was less than 3%, which gradually increased to 11.5% in 2020. It finally reaches a staggering 28.6% positivity rate. It can be seen that NADC34-Like and NADC30-Like (35.4%) together with highly pathogenic (HP)-PRRSV (31.2%) have become the major strains in some areas of China and are becoming more and more prevalent (Zhao J. et al., 2022). The NADC34 strain has been mainly isolated in the northern provinces of Heilongjiang, Henan, Shandong, Hebei, Jilin, Jiangsu, and Liaoning. Thus, the southern provinces must closely monitor the epidemic trend of this strain (Kappes and Faaberg., 2015; Zhao J. et al., 2022). The NADC34-like PRRSV strains in Sichuan differ from other NADC34-like PRRSV strains in China in terms of molecular genetic characteristics (Xu et al., 2020). The variation in pathogenicity across various NADC34 may be attributed to the different recombination patterns with different PRRSV strains (Nanhua et al., 2013; Pamornchainavakul et al., 2022). Recombination is a common phenomenon among PRRSV isolates and a significant genetic variation that is observed in PRRSV (Wang et al., 2018; Yu et al., 2020; Zhou et al., 2023). A distinct pattern of amino acid (aa) deletion was observed in addition to recombination events, in contrast to the 100-aa deletion in NSP2 (Xie et al., 2022). Consequently, in the wild, NADC34-like PRRSV is more complex (Bao and Li, 2021). To date, there have been no reports of experimental infections of NADC34 in sows and gilts.

Within the realm of molecular biology, reverse genetics is significant techniques, particularly in the fundamental investigation of RNA viruses. Consequently, this technology is extremely important for the advancement of molecular research on PRRSV (Chae et al., 2023). The conventional approach to constructing infectious cDNA molecular clone entails segmenting the genome according to the distribution of restriction sites, amplifying the corresponding viral genome segments, and ligating them with appropriate vectors. This is responsible for controlling the complete cDNA of the PRRSV genome under the influence of robust transcription promoters. Frequently employed promoters encompass bacteriophage T7, T3, SP6, and CMV promoters. Initially, the full-length genome is synthesized, transcribed in vitro (T7, T3, and SP6 promoters), and transfected, and subsequently, infectious virus particles are regenerated. It is crucial to note that mutations in fragment nucleotides during the construction and reverse transcription process can impede the successful recovery of infectious clones. Since 1998, infectious clones have been successfully produced using the LV strain as a template, causing successive acquisition of multiple infectious clones (Meulenberg, 2000; Shin et al., 2022). In recent endeavors, numerous infectious clones of both classical-and HP-PRRSV have been carefully engineered in the scientific community of China. Reverse genetic systems have become an important tool in the field of picornavirus research, particularly supporting the investigation of NADC34-like PRRSV. This advanced technology provides a strong technical basis for examining diverse facets such as viral replication, pathogenic mechanisms, virulence genes, molecular details of viral-host interactions, in vivo functionality of viral proteins, the creation of live viral vectors, and the development of recombinant genetically engineered vaccines (Zhengda et al., 2022).

CMV is generally recognized as the most powerful promoter of eukaryotic gene expression. Compared with H1/U6 promoter, which is a prokaryotic promoter and has very low initiation efficiency in eukaryotic cells, CMV is a triple-type promoter, which can be initiated in both short and long lengths, and can initiate sequences with PolyA tails. Generally, the CDS region of a gene is inserted downstream of the CMV promoter, and the CMV is responsible for initiating the expression of the gene, so as to increase the expression of the gene. It is most used in the construction of adenovirus and lentivirus overexpression vectors. In contrast to the high specificity of the T7 promoter, which can only be initiated by T7 polymerase binding, the CMV promoter can be initiated by a wide range of polymerases, including E.coli RNA polymerase and T7 RNA polymerase. In order to produce stable and generous viruses, we constructed a full-length infectious cDNA clone (Figure 1A), rescued the virus of the NADC34-like strain, JS-KS/2021. In this study, constructing an infectious clone with a low copy plasmid and placing the CMV promoter in front of the viral genome allowed strict control of viral genome replication and reduced toxicity to cells. The rescued virus rJS-KS/2021 was able to propagate well on PAMs cells (Figure 2A). The biological characteristics of the rescued virus was further evaluated (Figures 2, 3). The results show that rJS-KS/2021 was able to express more N proteins than the parental strain JS-KS/2021. In the analysis of growth curves, rJS-KS/2021 had similar growth characteristics to the parental strain JS-KS/2021 and the viral titer was about 0.3 logs higher than that of the parental strain at each time point.

It is known that the 5′ and 3’ UTRs of PRRSV both play critical roles in replication, subgenomic RNA transcription, and infectivity (Verheije et al., 2002; Yin et al., 2013). Shanmukhappa et al. (2007) firstly indicated that 3’UTR RNA of PRRSV is responsible for the interaction with CD151 receptor. CD151 has been identified as another important PRRSV cellular receptor. CD151 is expressed in all PRRSV permissive cell lines, including PAMs, MA-104, MARC-145, Vero, COS-7 and SJPG cells (Shanmukhappa et al., 2007; Provost et al., 2012), while the PRRSV nonpermissive cell lines, such as BHK-21 and MDBK cells, do not express CD151 protein (Shanmukhappa et al., 2007). In 2007, Shanmukhappa et al. (2007) reported that they identified CD151 plays a significant role during PRRSV infection of target cells by a serial of experiments. By the transfection of CD151 clone into BHK-21, the non-susceptible cells became permissive to PRRSV infection. In our study, in view of the replication looping of the 5’UTR and 3’UTR of PRRSV, replace the 5’UTR and 3’UTR of rJS-KS/2021 with the 5’UTR and 3’UTR of HP-PRRSV (strain SH1). The recombinant strain rJS-KS/2021–53 could stably express more N proteins in the early stage of viral infection, which demonstrated by indirect immunofluorescence and western blot assays (Figures 2B, 3B). The growth curve can also support this result (Figure 3A). However, the viral titer after 72 hpi tends to stabilize, higher than the rescued virus rJS-KS/2021 and the parental virus JS-KS/2021. Most importantly, the recombinant strain infected PAMs well, but also failed to propagate on MARC-145. These infectious clones constructed of NADC34-like PRRSV prove reverse genetics becoming more and more important techniques in study of PRRSVs. Moreover, provide a platform for further research on cellular tropism of PRRSV through replacement and mutation.



5 Conclusion

In the present study, we successfully established a reverse genetics system for NADC34-Like PRRSV. Next, we demonstrated that a full-length cDNA clone was able to replicate and infect PAM cells. Also, we replaced the 5’UTR and 3’UTR of rJS-KS/2021 with these of HP-PRRSV (strain SH1). Unfortunately, rJS-KS/2021 and the recombinant virus could not propagate on MARC-145. We believe that this rJS-KS/2021 infectious clone and the information generated in the present study will make a significant contribution to future studies on basic viral biology and to the development of NADC34-Like PRRSV control measures.
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Antigen Clone Isotype Fluorochrome Source

CD3e BB23-8E6-8C8 Mouse IgG2a, PerCP-Cy™5.5 BD

CDaa 74-12-4 Mouse IgG2b, & PE-Cy™7 BD Pharmingen
CDsa 76-2-11 Mouse IgG2a, Biotin Southernbiotech
co21 BBG-11C96 Mouse IgG, x AlexaFluor*dss Southernbiotech
YBTCR MAC320 Rat PVG IgG2a PE BD

CD69 5F12 Mouse IgGl, k Dylight755 in-house

CD163 2A10/11 Mouse IgG1 RPE Bio-rad
D172 74-22-15 Mouse IgGl, x FITC Southernbiotech
SLATIDR 269113 1gG2b APC Biorad
SLAIIDQ K274.3G8 IgG1 APC Bio-rad

IL-2 A150D3F1 ‘Mouse IgG2a FITC Invitrogen
IFN-y P2G10 Mouse IgGl, k Alexa Fluor® 647 BD

TNF-a MABI1 Mouse IgGl, k BV 421™ BioLegend
Ki67. B56 Mouse IgGl, k BV 421™ BD Horizon™
Foxp3. FIK-165 RatIgG2a, k PE Invitrogen

Biotin - BV 510 BioLegend
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Viral load!

Fetal weight (g) Crown rump length (cm) Serum Thymus
CoN 10 990.77+218.76 357425 0(0-0) 0(0-0)
UNIE 10 95613421778 36528 0(0-0) 0(0-0)
HV-VIA 10 90740421655 359429 7.79 (593-9.22) 673 (551-7.89)
HV-MEC 10 1044.7£249.78 357431 8.22(7.41-9.09) 6.74(5.01-8.09)

Fetal weight and crown rump length are reported as mean  standard deviation.
“serum and thymic viral load in the form of log 10 RNA copies per mg (thymus) or mL (serum) and reported as mean (range)
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Primer set

A6

Forward

5-TCCGAGTGATCCCGCTAGT-3'

Reverse

5-TTCTCGCTGGCCTTGTACTT-3

B3

5-CGGGTCTACCGAGATGACA-3

5-TCGAAGACCATGGCAGCATT -3’

C1

5 -GTGTGATGTAATGGCTGCCT-3'

5-CTTCTTTCGTCTGATGCTGGCT-3'

WT

5-GGCATCAAAAGCCAGCATC-3

5-GGAGGTTCACACTCTCCAGC-3

ACTB

5'-CCTCCTTCCTGGGCATGG-3'

5'-GGATGCTCCATCCAACCGAC-3
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ID of shRNA plasmid DNA Code name Specific sequence

TRCN0000060238 A 5-GTGGTCATCAAGTCCAACTTT-3'
TRCN0000060239 B 5-CACCAGCTTCTTCCACGTTAA-3
TRCN0000060241 C 5-GCTGGATGAGATTCTAGACTT-3'
TRCN0000333063 D 5-GTGGTCATCAAGTCCAACTTT-3'
TRCN0000381904 E 5-GGCGAGAGGGTATCAAGTATC-3
SHCO016-1A Non-target 5-GCGCGATAGCGCTAATAATTT-3'
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@ A v
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A Challenge PCV2d (GenBank Accession No. OP§06268)

@ Blood collection TG level, NA titer, IFN-y analysis in PBMC, viremia

[C)Nasal & rectal swab | PCV2d DNA loads

WV Necropsy Microscopic lesions and immunohistochemistry, PCV2d DNA loads in tissue samples.
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Grupo Animal BALT Hyperplasia Pleuritis
NC A - - -
B - - -
c - - -
D - - -
Score average 000 000 000
UFVOI E 3 1 2
¥ 1 1 .
G 1 2 .
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1 2 2 .
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L 1 1 1
Score average 162 15 05
UFVO2 M 2 1 -
N 1 2 -
o 2 1 -
v 2 1 -
Q 1 1 -
R 1 2 -
s 1 1 -
T 1 - -
Score average 137 112 000

Absence of lesions (-), mild lesion (1), moderate lesion (2), and severe lesion (3).
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6
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The data are presented as group mean values (pg/mL. +standard error). Significant
iferences (p<0.05) compared with NC group are indicated by different superscripts.
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